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At present, polyurethane (PU) has been extensively used as a grouting material in civil engineering. The mechanical properties of
PU are the key to achieving the desirable grouting effect. This study presents the research results of the mechanical behavior of PU
matrix under tensile, successive cyclic tensile, and stress relaxation at the nanoscale, using the coarse-grained molecular dynamics
simulation method. The influences of the number of molecule chains and strain rate on the tensile mechanical properties are
discussed, and the tensile deformation mechanism of PU matrix is revealed. The tensile strength of PU matrix is independent
of loading path, and after yielding, the strain of PU matrix contains the elastic strain, plastic strain, and viscous strain. In the
stress relaxation process, the evolution of the axial stress is mainly caused by the varied van der Waals interactions. The stress
relaxation behavior of PU matrix can be described by the viscoelastic model consisting of one elastic element in parallel with
one Maxwell element.

1. Introduction

Polyurethane (PU) [1], the product of polymerization reac-
tion between isocyanate and polyols, is a versatile class of
copolymer used in coatings [2], armors [3], and composites
[4] for its properties of high durability, high toughness, high
capacity to absorb and dissipate energy, and low density. At
present, by virtue of the characteristics of the strong perme-
ability resistance [5], fast-setting [6], high expansion force
[7], and eco-friendliness [8], the foamed polyurethane has
been increasingly adopted as grouting material in civil engi-
neering. As shown in Figure 1, the representative applications
of the polymer grouting material include filling soil cavities to

lift the sedimentary underground pipelines [9, 10] or founda-
tions [11, 12] and constructing barriers to prevent water seep-
age [13, 14] or the leakage of pollutants [14, 15]. In these
applications, the two raw materials, isocyanate and polyols,
are simultaneously injected into soil at the constantmass ratio
as alternatives to cement-based grouts [16, 17], and after poly-
merization reaction, the PU matrices will be retained in the
soil mass to play the reinforcing role [9, 10, 16]. For example,
it has been reported that when the void surrounding the
underground pipe was filled through PU grouting, under the
same vertical load, the strain and bendingmoment in the pipe
was declined by about 76.9% and 67.9% [10]. The mechanical
properties of PU matrices are the key to achieving the
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desirable grouting effect, and the polymer grouting materials
with insufficient strength may cause the refailure of the rein-
forced engineering structures [9–11, 18].

To date, numerous experimental studies have been carried
out to investigate the tensile, compressive, flexural, and shear
strength of polymer grouting materials [19–23]. For instance,
the tensile strength and compressive strength of the plain PU
composites are about 44.4MPa and 15.5MPa, and the appro-
priate addition of PVA fibers can improve the mechanical
properties of PU composites by about 4.5-22.3% and 9.0-
12.2% [19]; in Hussain et al.’s study [21], it was found that
the experimentally tested flexural strength of PU composites
could be about 11.0MPa; in the study of Zheng et al. [22], it
was found that the flexural strength and compressive strength
of PU groutingmaterials with density of 0.1-0.5 g/cm3 were in
the range of about 1.2-18.1MPa and 1.0-7.5MPa, respectively.
It has been reported that, according to the micro morphology
observations [6], PU grouting materials are porous materials
containing numerous hollow closed foams, making them per-
form with obvious discontinuity characteristics. The foams
are packed together, and their walls are made of amorphous
PU [6], and under the external loading, it is the deformation
of the foam walls, i.e., the PU matrix, that cause the failure of
polymer groutingmaterials. By incorporating the beamdefor-
mation theory and the membrane stretching theory, the
Gibson-Ashby equation that reflects the mechanical behavior
of PUgroutingmaterials has been proposed [24]. TheGibson-
Ashby equation shows that knowing the mechanical proper-
ties of the PU matrix from the molecular scale is the founda-
tion of the theoretical research on the mechanical properties
of polymer grouting materials [24], which, however, is rarely
seen at present.

In the past decades, the molecular dynamics (MD) sim-
ulation has been proven to be a reliable and promising tool
to explore the nanoscale mechanical behavior of various
materials. For example, studies on the mechanical behavior
of amorphous polymer materials [25, 26], the microscopic
deformation characteristics of inorganic minerals or metals
[27, 28], the tensile strength of a single carbon nanotube
[29, 30] or one layer of graphene [31, 32], and the nanoscale
shear enhancing mechanism of carbon nanotubes in cement
[33], all using the MD simulation method, have been
reported. A large amount of significant efforts to develop
the united atom [34, 35] and coarse-grained [36–38] have
been carried out. When the united atom or coarse-grained
MD simulation methods are used, groups of atoms are

lumped into single interaction sites with the simplified inter-
action potentials, and thus, the total number of degrees of
freedom of the simulated models can be reduced. The united
atom and coarse-grained MD methods require less compu-
tation, due to which, the time and length scales of the models
can be increased to simulate the bulk behavior. With the
united atom or coarse-grained MD simulation methods,
the nanoscale mechanical properties and deformation mech-
anism of amorphous polyethylene under the tensile-
compressive load [25] or pure tensile load [35] have been
understood. In the study of Park et al. [38], the thermome-
chanical behavior of the shape-memory polyurethane copol-
ymers was also studied using the coarse-grained MD
simulation method. Studies on the nanoscale modulus [39],
cohesion strength [40], and self-assembly behavior [41] of
PU material with coarse-grained MD simulation method
have also been reported. The coarse-grained MD simulation
has provided a new approach to understand the mechanical
behavior of PU matrix from the molecular perspective.

In this study, using the coarse-grained MD simulation
method, the mechanical behavior of the amorphous PU
matrix under tensile was firstly studied, and then, both the
successive cyclic tensile simulation and stress relaxation sim-
ulation were carried out. This study is aimed at addressing
the mechanical properties of the amorphous PU matrices
at the nanoscale under different types of loadings that are
commonly seen in geotechnical engineering [9, 11, 18, 42].
The reason why the tensile simulation was firstly carried
out is that under external load, the failure of the PU foams
is mainly caused by the tension deformation [6, 24, 25]. This
study is organized as follows: the construction of the coarse-
grained model of amorphous PU and the simulation details
are included in Section 2. In Section 3, both the influences of
the number of the molecular chains and the strain rate on
the tensile strength of PU matrix, as well as the tensile defor-
mation mechanism of PU matrix, are discussed. The
mechanical behavior of PU matrix under cyclic tensile load-
ing and the stress relaxation characteristics of PU matrix
under different tensile strains are included in Section 3.
The main conclusions are summarized in Section 4.

2. Simulation Models and Methods

2.1. Coarse-Grained Method and Force Field. For the PU
copolymers, different coarse-grained methods and force
fields have been developed [38, 39, 43]. In Park et al.’s study

Polyurethane
(PU) matrices

Soil cavity

Pipeline PU matrices

Subgrade

Barrier made
of PU matrices

Figure 1: The representative applications of the foamed polyurethane (PU) as grouting materials in geotechnical engineering.
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[38], the hard segment of the PU molecular was divided into
two different beads, one of which includes two halves of aro-
matic rings, and the remaining component of the benzenes
and the urethane linkage were represented with another
bead. As for the coarse-grained PU model proposed by
Uddin et al. [39, 43], it has the physical and mechanical
properties that are a good match with the experimental
results; therefore, it was adopted in this study. More details
are included as follows.

As shown in Figure 2(a), a single PU molecule chain is
composed of the hard and soft segments, where the formers
come from diphenylmethane diisocyanate (MDI) and buta-
nediol [44]. The hard segments were treated as separate
beads to obtain interactions between them. The segments
from MDI consist of two phenyl rings connected by a
-CH2 group, and the internal interactions are difficult to
capture; therefore, the hard segment was divided into three
types of beads [39, 43]. The –(CH2)4–O group, –(CONH)–
C6H6–CH2 group, and the –(C6H6)–NHCOO group are rep-
resented by type A bead, type B bead, and type C bead,
respectively. The molecular weights of A, B, and C beads
are 72.1 g/mol, 135.2 g/mol, and 135.1 g/mol, respectively.
The hard segments and soft segments in the PU copolymers
often have a degree of polymerization in the range of 1–10
and 15–30, respectively [44]. Based on the commonly seen
polymerization degrees of the hard segments and soft seg-
ments, the coarse-grained PU model (as shown in
Figure 2(b)) was built. Figure 2(b) shows one-fifth of the
coarse-grained PU molecule chain, and an entire coarse-
grained PU chain contains 280 beads in total, composed of
230 A beads, 25 B beads, and 25 C beads. The polymeriza-
tion degrees of the hard and soft segments in the coarse-
grained model are 2 and 14, respectively, and the molecular
weight is 23340 g/mol. The full-atomic polyurethane model
mapped from the coarse-grained model is consistent with
the typical PU molecule formula presented in literature
[44], and thus, it is representative. With this coarse-grained
method, for a typical PU matrix with the polymerization of
100, the total number of particles is reduced to 28000 from
389000, making it possible to compute relatively large sys-
tems at a physically meaningful simulation scale.

The potential energy of the coarse-grained PU model
contains three terms, the bond stretching, the bond angle
bending, and the van der Waals interactions, whereas the
term associated with the dihedral angle torsion is negligible
[37]; therefore, the potential energy can be expressed as fol-
lows:

Eptotal = Ebond + Eangle + Enonbond: ð1Þ

The function forms of Ebond, Eangle, and Enonbond in Equa-
tion (1) are as follows:

Ebond rð Þ = 1
2Kbond r − r0ð Þ2, ð2Þ

Eangle θð Þ = 1
2Kangle θ − θ0ð Þ2, ð3Þ

Enonbond rð Þ = 4ε σ

r

� �12
−

σ

r

� �6� �
, r ≤ rc, ð4Þ

where Kbond and Kangle are the stiffness constants for the
bond length and bond angle potential energy, respectively;
r0 and θ0 are the equilibrium bond length and equilibrium
bond angle, respectively; r and θ are the distance between
two atoms and the angle between two bonds, respectively;
ε is the energy well depth, σ is the distance between two non-
bonded atoms at which the potential energy is zero; and rc is
the cutoff distance which is defined as 2.5σ [44].

In coarse-grained MD simulations [45, 46], Equation (2)
and Equation (3) are the most commonly used functions to
describe the variations of potential energy associated with
bond length and bond angle, and the van der Waals interac-
tions are often expressed by the Lennard-Jones 12-6 func-
tion (Equation (4)). Based on the trajectories of the full-
atomic polyurethane equilibrium model developed using
the polymer consistent force field, the probability distribu-
tion functions among the beads can be derived with the
inverse Boltzmann (IBM) method [39, 43]. The center of
mass of each group of atoms is defined as the center of mass
of the corresponding bead. Then, the potentials on the bond
stretching and the angle bending are fitted with Equation (2)
and Equation (3), and the pair potentials are fitted with
Equation (4), through which the coarse-grained force field
parameters can be obtained. The coarse-grained force field
parameters are listed in Tables 1–3.

2.2. Constructing the Coarse-Grained Model of Amorphous
PU Matrix. Figure 3 shows the construction procedure of
the coarse-grained model. First, an initially large size model
was built by replicating the coarse-grained molecule chain,
and then, the initial unstable model was relaxed at 600K
using a Langevin thermostat and the NVE ensemble for
10 ns. After that, the model was relaxed for another 10ns
at 600K and then cooled to 298K at a rate of 25K per
50 ps, followed by a steady-state relaxation at 298K for
10 ns, both with the NPT ensemble and the external pressure
of one atmosphere (0.1MPa). The simulation box was
deformed to obtain a model with the desired density, after
which, the model was equilibrated for 10 ns while keeping
the density unchanged, both using the NVT ensemble at
298K. The Berendsen thermostat was used to reset the tem-
perature in both the NPT and NVT simulations, and the
Berendsen barostat was used to reset the pressure of the sys-
tem in NPT simulation.

The finally obtained coarse-grained PU models have a
density of about 0.86 g/cm3, which is comparable with the
density obtained from the full-atomic simulation (about
0.90 g/cm3) [39, 43] and the experimentally obtained density
(0.97-1.24 g/cm3) [47]. In addition, the nanoscaled mechan-
ical properties of the coarse-grained PU model are also com-
parable with the experimental ones [39, 43]. The coarse-
grained models are large collections of PU chains that are
randomly jumbled together. The cubic simulation cells with
the side lengths of 76.9, 102.3, and 162.5Å were established,
and each was composed of 10, 25, and 100 PU chains,
respectively (Figure 3). With these three different models,
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the influence of the number of chains on the tensile strength
can be studied.

2.3. Simulation Details. For conducting the tensile simula-
tion, a constant engineering strain rate was applied to the
coarse-grained models with the NVT ensemble at the tem-
perature of 298K. The periodic boundary condition was
adopted, and the Berendsen thermostat was used to reset

the temperature of the system. According to the symmetric
pressure tensor and the geometric size of the models, the
tensile stress (σ) and engineering strain (ε) were computed,
and the potential energy contributions associated with dif-
ferent terms were tracked as a function of ε. When present-
ing our results, true stress (σT) and true strain (εT) were
used as alternatives of σ and ε, respectively, and they were
calculated as follows:

εT = ln 1 + εð Þ,
σT = σ 1 + εð Þ:

(
ð5Þ

The strain rate of 5 × 1010/s was applied to the three
models with different side lengths until ε reached 1.0, and
the tensile strain was along the x-axis. For the configuration
containing 100 PU molecule chains, the uniaxial tension
simulation at two other strain rates (2 × 1011/s and 1 × 1010
/s) was also conducted to study the influences of strain rate.
The tensile rate adopted here is in the range suggested by
previous studies [25, 35].

The successive cyclic tension loading simulation was
conducted on the 100-chain coarse-grained model. Both
the loading and unloading rates of the successive cyclic ten-
sile simulation were 5 × 1010/s, and a total of 7 cycles were
simulated. For each cycle, the model was unloaded to zero
stress at first and then reloaded to a larger strain than the
previous cycle. εT at each unloading point was 0.04, 0.09,
0.18, 0.24, 0.32, 0.45, and 0.60, respectively.

Finally, the stress relaxation simulation was conducted
on the 100-chain coarse-grained model. The model was
stretched to different true strains (0.05, 0.1, 0.2, 0.4, 0.6,
and 0.8) at the rate of 5 × 1010/s and then relaxed for a
period of time while keeping the strain constant. The evolu-
tions of the axial stress and potential energy of the model
with the relaxation time were recorded. Both the model
establishment and the tensile simulations were carried out
by the LAMMPS package [48], and the open visualization
tool OVITO was adopted for molecular visualization [49].
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CH2 O (CH2)4C

O
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Hard segment Soft segment

A bead B bead C bead

(a)

A bead B bead C bead

1/5 of the linear PU chain

(b)

Figure 2: (a) Construction of the coarse-grained PU model with three different kinds of beads; (b) 1/5 of the coarse-grained PU molecule
chain.

Table 1: Parameters of bond stretching potential energy.

Bond type r0 (ANG) Kbond (kcal/mol/ANG2)

A-A 5.21 1.53

A-B 6.11 1.59

B-C 7.11 5.36

C-A 6.26 1.34

Table 2: Parameters of bond angle bending potential energy.

Bond angle type θ (degree) Kangle (kcal/mol/rad2)

A-A-A 177.8 0.83

A-A-B 148.9 1.46

A-B-C 171.6 0.87

B-C-A 167.8 0.66

C-A-B 173.0 1.58

C-A-A 159.4 2.35

Table 3: Parameters of nonbonded interactions.

Bead i Bead j σ (ANG) ϵ (kcal/mol)

A A 5.62 0.31

B B 5.84 0.29

C C 5.66 0.32

A B 6.06 0.21

B C 6.03 0.69

C A 4.46 1.24
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3. Results and Discussion

3.1. Effects of the Number of PU Chains on the Tensile
Mechanical Properties. Figures 4(a)–4(c) show the variation
laws of the stress of the coarse-grained PU models with dif-
ferent numbers of molecular chains under uniaxial tension,
from which one can see that when εT was lower than 0.03,
the stress increased almost linearly with the increasing
strain, corresponding to the elastic deformation behavior.
When εT was over 0.03, the variation rate of the tensile stress
started to decline, implying that plastic deformation had
occurred to the model, and at εT of about 0.20 (yield strain),
the tensile stress achieved a plateau. It can be found that the
number of molecular chains has little influence on the yield
strain or yield strength (both are about 0.20 and 30MPa).
The stress-strain curve becomes smoother with a higher
number of PU chains, suggesting that the simulations moved
closer to the bulk behavior. Therefore, in all the subsequent
simulations, the coarse-grained PU model with 100 molecu-
lar chains was used.

The snapshots of the deformation process of the config-
urations containing 10 PU molecule chains are presented in
Figure 4(d). It can be seen that the deformation of the model
mainly consists of two parts: the slippage between the PU
chains and the stretching of PU chains themselves. Before
the yielding, the stretching deformation of each independent
PU molecule chain was less significant than the slippage
between them, whereas it became more and more obvious
with the increasing strain after yielding. The slippage defor-
mation occurred mainly along the direction of tensile strain.

3.2. Effects of Strain Rate on the TensileMechanical Properties.
Figure 5 shows the variations of the stress of the coarse-
grained PUmatrix containing 100molecule chains under uni-
axial tension at the strain rate of 2 × 1011/s and 1 × 1010/s. The
curves follow the same laws as discussed in Section 3.1 except

for the different yield strengths and different yield strains.
According to Figures 4(c) and 5, one can see that the yield
strength of the model declines with the declined strain rate.
At the strain rates of 2 × 1011/s, 5 × 1010/s, and 1 × 1010/s, the
yield strength was about 70, 30, and 16MPa, respectively.
On the contrary, with the decreasing strain rate, the yield
strain increased gradually. For example, the yield strain was
about 0.20 and 0.22 at the strain rate of 5 × 1010/s and 1 ×
1010/s, respectively, which were about double that at the strain
rate of 2 × 1011/s. Moreover, it can also be seen that when a
higher strain ratewas adopted, the stress-strain curves became
smoother.

Figure 6 illustrates the evolution of potential energy
(PEtotal) of the coarse-grained PU matrix at different tensile
strain rates, corresponding to the stress-strain behavior pre-
sented in Figures 4(c) and 5. The evolutions of individual
components, i.e., the bond potential energy (PEbond), bond
angle potential energy (PEangle), and van der Waals interac-
tions (PEnonbond), are also included in Figure 6. E0 represents
the potential energy at initial time.

From Figure 6(a), it can be seen that when the axial strain
increased at a rate of 2 × 1011/s, both PEtotal and PEnonbond
increased gradually, and the increasing trends are curves with
a downward opening, and that the PEtotal curve and PEnonbond
curves almost coincided until εT reached to about 0.10 (the
yield strain). PEtotal was about 6000 kcal/mol at the yield
strain, and after yielding, PEtotal became lower than P
Enonbond; meanwhile, the PEangle term started to decline in an
almost linear way. PEangle was about -6000 kcal/mol at εT of
0.70. During the tensile procedure, PEbond increased with the
increasing strain, but its variation was lower than those of
the other two terms (with the maximum increment of lower
than 1500 kcal/mol).

The changed PEnonbond, PEangle, and PEbond are primarily
attributed to the slippage between different molecules, bond

x y

z Replication and
langevin dynamics

simulation at 600 K 
NPT simulation at
600 K and 1 atm 

NPT simulation;
cooling to 298 K
and relaxation

NVT simulation;
compaction

Coarse-grained models of amorphous polyurethane, 0.86 g (cm3)
25 chains100 chains

16
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3
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76
.9
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Figure 3: Construction of the coarse-grained model of amorphous PU matrix. The different molecular chains were painted with different
colors, and the unit of side length is Å.
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angle bending behavior, andbond stretching behavior, respec-
tively. Figure 6(a) shows that, at the strain rate of 2 × 1011/s,
under uniaxial tension, only the slippage between different
PU molecules occurred before yielding, but after yielding, in
addition to the slippage between different PU molecules that
still remained, on each PU molecule, the bond angles started
to bend, and the bonds were stretched to synthetically accom-
modate deformation. The difference between PEnonbond and
PEtotal after yielding was dissipated by the bond angle bending
behavior and bond stretching behavior, but primarily via the
former. Figures 6(b) and 6(c) show that whether at the strain
rate of 5 × 1010/s or 1 × 1010/s, there was little change in the

overall evolution laws of PEtotal and PEnonbond, but PEangle
started to decline from the very beginning of the simulation,
and that PEbond was always equal to zero. This indicates that
at a lower strain rate, as soon as the tensile load was applied,
the bond angles displayed bending behavior, but the bond
lengths were little influenced.

Figure 6 also shows that the change of total potential
energy at yielding is independent of the strain rate. At the
three loading rates, both PEtotal at yielding are about
6000 kcal/mol, but after yielding, the PEtotal of the model
sustaining a lower strain rate has a lower value, which is
due to that PEnonbond has significantly declined. With the
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Figure 4: (a–c) Stress-strain curves of coarse-grained PU models with different numbers of chains under tensile at a strain rate of 5 × 1010/s
and (d) the evolution of molecular configuration containing 10 PU chains at different strains.
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decreasing strain rate, the increased yield strain (Figures 4(c)
and 5) leads to the increased volume strain of the model.
Considering that the yield strength of the model is positively
dependent on the potential energy but negatively influenced

by the volume [50], when the strain rate declines, PEtotal is
almost unchanged, but the increased volume strain of the
coarse-grained PU models at yielding is the main reason
for the lower yield strength.
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Figure 5: Stress-strain curves of the coarse-grained PU matrix containing 100 chains under tensile tension at the strain rate of (a) 2 × 1011/s
and (b) 1 × 1010/s.
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Figure 6: Variations of the potential energy of the coarse-grained PU matrix versus true strain for a strain rate of (a) 2 × 1011/s, (b) 5 × 1010
/s, and (c) 1 × 1010/s.
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Figures 4(d) and 6 show that the slippage between differ-
ent molecules mainly dominates the deformation of the PU
matrix. The molecules in the original model are tightly com-
pacted together, and the relative slippage between themwould
occur once the strainwas applied (Figure 4(d)), and thiswould
increase the average spacing between different molecules and
thus change the van der Waals interactions (Figure 6). The
increased molecular spacing also provides some space for
the restoration of the deformed bond angles; therefore, the
potential energy associated with the bond angles would
decline gradually with the increasing strain. When the model
is deformed to a larger size, the average distance between dif-
ferent molecules would be increased, which would result in
the less and less pronounced van der Waals interactions
(Figure 6). At a lower strain rate, the amount of slippage per
unit time between different molecules is smaller, and the time
for the variation of bond angles is longer. The bond angles
have more time to revert to their equilibrium, and thus, the
PEangle begins to decline as soon as the strain appears. How-
ever, most of the bond angles are still not in their equilibrium
state. This can be illustrated by Figure 7, from which one can
see that even at εT of 0.60, for these 6 types of different bond
angles, over 90% of them were smaller than the equilibrium
bond angles. Therefore, the PEangle term continuously and
steadily declines.

To find out which types of bond angles reverted the most,
the evaluations of PEangle of each type of bond angle of the
model at a tension rate of 2 × 1011/s were calculated, and they
are drawn in Figure 8.

From Figure 8, one can see that the potential energy of
bond angles A-A-B, A-B-C, B-C-A, C-A-B, and C-A-A varied
little under the tension, whereas that of bond angles A-A-A
and B-C-A declined gradually with the increasing strain when
the strainwas over 0.10. The variations ofPEangle of bond angle
A-A-A and bond angle B-C-A correspond well with the result
shown in Figure 6(a). Moreover, even the B-C-A bond angles
have the minimum Kangle than the others, the total change in
PEangle of A-A-A bond angles is more significant than that of
the B-C-A bond angles. For example, at εT of 0.40, the total
potential energy of theA-A-A bond angles decreased by about
2400 kcal/mol, which is over 6 times that of B-C-A bond
angles (about 380 kcal/mol). This is because the total number
of theA-A-Abond angles is themaximum (190per PUchain);
therefore, the total variation of potential energy of the A-A-A
bond angles is the most significant. This implies that the
change in PEangle depends on both the bond angle stiffness
and the total number of bond angles [35]. The A-A-A bond
angles are mapped to the bond angles in the soft segment in
the all-atommodel (Figure 2(a)), which implies that the defor-
mation of the polyurethanemoleculemainly occurs in the soft
segment.

3.3. Mechanical Behavior under Successive Cyclic Tension
Loading. Figure 9 shows the stress-strain curve of the
coarse-grained PU matrix under successive tensile loading-
unloading cycles. It can be seen that, generally, the contour
of the stress-strain curve of the coarse-grained PU sustaining
the successive loading-unloading cycles follows that of the

tensile stress-strain curve. The strength after each reloading
was almost equal to the tensile strength at the same strain.
After having passed through the unloading point, the reload-
ing curves precisely follow the original stress-strain curve,
which is known as “stress memory” behavior. The “stress
memory” phenomenon has also been observed in other
polymeric materials like high-density polyethylene [25].
This observation is consistent with the experimental results
[51], and it indicates that the strength of polyurethane under
tension is independent of the loading path.

Figure 9 also shows that, before yielding, the stress
curves of unloading and subsequent reloading change line-
arly, and they are almost coincident, but after yielding, they
display the nonlinear variation law. More specifically, the
stress curves of reloading increase sharply and linearly
within a small strain range, and then, they turn to increase
at a much lower rate up to the value of the unloading point.
Taking the fourth loop as an example, the slope of the
reloading stress curve was about 1850MPa per strain when
εT increased from 0.22 to 0.24, but it declined to about
90MPa prestrain in the εT range of 0.24 to 0.26. The unload-
ing curves vary similarly but in a reverse direction. Due to
the nonlinear variation characteristic, after yielding, hystere-
sis loops are seen on the stress curves of all the unloading-
reloading cycles. The hysteresis loops indicate that the strain
of the unloading points contains the viscous strain [25]. The
viscous strain (εv) of polymeric materials, calculated by sub-
tracting the elastic strain (εe) and plastic strain (εp) from the
strain of the unloading point (as shown in Figure 9), origi-
nates from the chain dynamics that are determined by the
friction between polymer atoms, driven by entropic effects.
When the polymer is subjected to relatively small or moder-
ate strain, the mobility of tightly bonded molecules is con-
strained by the van der Waals interactions that cause
friction between polymer atoms. When the deformation
increased, the molecules are gradually separated in the space,
and the accumulated plastic deformation causes some dam-
age which weakens the van der Waals interactions between
the molecules, thus resulting in viscous strain of the poly-
mers. From Figure 9, it can also be read that when the strain
of the unloading point increases the viscous strain in PU
matrix increases gradually.

3.4. Mechanical Behavior under the Stress Relaxation.
Figure 10(a) shows the variations of the stress of the
coarse-grained PU matrix with the running time at different
strains of relaxation, from which one can see that when the
stress relaxation begins, the axial stress declines sharply
within a small time range, but not to zero. When the strain
of relaxation is equal to 0.05 or 0.10, the axial stress declines
linearly to a certain value, but when the strain of relaxation
is equal to or higher than 0.20, the axial stress declines in a
nonlinear way. Besides, when the strain of relaxation is lower
than 0.20, after relaxation, the final values of the axial stress
increase with the increasing strain of relaxation. For exam-
ple, when the stress relaxation happened at εT of 0.20, after
relaxation, the axial stress of the model was about 10MPa,
about 33% higher than that relaxed at εT of 0.10. However,
when the strain of relaxation was equal to or higher than
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0.40, after stress relaxation, all the axial stresses were almost
equal to 15MPa. The stress variation curves of the PU model
during the stress relaxation process are similar to the exper-
imental results of the macroscopic polyurethane [52, 53],
indicating the viscoelastic behavior of the material.

Figure 10(b) presents the evolutions of the potential
energy of the model during tension and subsequent stress
relaxation (the strain of stress relaxation was 0.40). From

Figure 10(b), it can be seen that during tension, the varia-
tions of the potential energy associated with the van der
Waals interactions, bond lengths, and bond angles are simi-
lar to those shown in Figure 6. In the stress relaxation pro-
cess, the PEangle term was maintained at about -2600 kcal/
mol, but the PEnonbond declined gradually from about
14000 kcal/mol to 12000 kcal/mol, which lasted for around
8ps. The PEnonbond was maintained at 12000 kcal/mol in
the following time. Besides, in the stress relaxation process,
the variation of PEtotal was equal to that of PEnonbond. The
variation of PEnonbond and PEtotal corresponds well with that
of the axial stress presented in Figure 10(b), indicating that
in the stress relaxation, the variation of axial stress of the
PU model was mainly dominated by the varied van der
Waals interactions.

According to Figure 10(a), in the stress relaxation, Et , the
relaxation modulus of the coarse-grained PU model, defined
as the stress corresponding to unit strain, can be calculated.
Et is a parameter of time dependence. Considering that the
general Maxwell model illustrated in Figure 11(a) can be
used to describe the stress relaxation property of viscoelastic
solid materials [53, 54], Et can be expressed as the following
function:

Et = E∞ + 〠
N

i=1
Ei ⋅ exp −

t
λi

� �
, ð6Þ

where E∞ represents the average of Et when the relaxation
time (t) reaches infinity, Ei and λi represent the real-time
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relaxation modulus and relaxation time constant of element
i in the general Maxwell model, respectively, and N is the
total number of the Maxwell elements.

In Equation (6), E∞ can be calculated using the follow-
ing function:

E∞ = E0 − 〠
N

i=1
Ei, ð7Þ

where E0 represents the relaxation modulus at the initial
time.

Therefore, Equation (6) can be rewritten as the follow-
ing:

Et = E0 − 〠
N

i=1
Ei ⋅ 1 − exp −

t
λi

� �� �
: ð8Þ

To analyze the relaxation modulus, Et was transformed
to the dimensionless form by dividing Equation (8) by E0,
and the nondimension relaxation modulus can be expressed
as the following:

et = 1 − 〠
N

i=1
ei ⋅ 1 − exp −

t
λi

� �� �
: ð9Þ

The variations of et of the model in the stress relaxation
at different εT are plotted in Figure 11(b) as the scatter
points. The time at the beginning of stress relaxation in
Figure 10(a) has been shifted to zero. The variations of et
are fitted with Equation (9), and it was found that the best
fit can be obtained for the model at different εT when N is
equal to 1. Therefore, the viscoelastic model for PU matrix
during the stress relaxation process is described by the
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following:

et = 1 − e ⋅ 1 − exp −
t
λ

� �� �
: ð10Þ

The parameters of the viscoelastic model and the good-
ness of fit (R2) are listed in Table 4, and the theoretical values
of et calculated by Equation (10) have been drawn in
Figure 11(b). It can be seen that even though a difference
exists, the theoretical values of et are close to the simulation
results. The theoretical et declines gradually with the increas-
ing relaxation time but not to zero. With the increasing
strain of relaxation, the decline of theoretical et becomes
more nonlinear. The theoretical stress value can be obtained
by multiplying the theoretical et with εT . Since εT is con-
stant, it can be deduced that the theoretical stress will vary
according to the same law as the theoretical et . Therefore,
the viscoelastic model consisting of one elastic element in
parallel with one Maxwell element can be used to describe
the mechanical behavior of an amorphous polyurethane
material under stress relaxation.

In practical engineering, polymer grouting material
refers to the product of the reaction between isocyanate
and polyols with a constant mass ratio [5, 9]. Therefore, in
this study, only the influences of different loading types were
investigated, and the influences of different raw materials or
mass ratios on the mechanical properties of PU matrix will
be studied in the further study.

4. Conclusions

The mechanical behavior of amorphous PU matrix under
uniaxial tension, successive cyclic tension, and stress relaxa-
tion at nanoscale was investigated with coarse-grained MD
simulation method. The conclusions are drawn as follows:

(1) The mechanical properties of PU matrix under ten-
sile are little affected by the number of molecules
but change significantly when the strain rate varies.
With the increasing strain rate, the yield strength
increases, and the yield strains decrease. At yield,
the total change in the potential energy is indepen-
dent of the strain rate, and it is about 6000 kcal/
mol. When the strain rate increases, the declined vol-
ume strain of the PU matrix is the main reason for
the increased yield strength

(2) Under tensile, the potential energy associated with
the bond stretching varies less significantly than that
associated with the bond angle bending or van der
Waals interactions, indicating that the deformation
of the model is mainly caused by the slippage
between different molecule chains and the bending
of the bond angles. The bending of bond angles
mainly occurs in the soft segments of the molecule
chains. After yielding, most of the bond angles are
still not in equilibrium

(3) The contour of the stress-strain curve of the model
under cyclic tension is consistent with that under
uniaxial tension, indicating that the model performs
with the stress memory behavior, and thus, its tensile
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Figure 11: (a) Schematic diagram of the general Maxwell model and (b) the comparison of the nondimension relaxation modulus between
simulation results (the scatter points) and theoretical values (the dashed lines) at εR. Here, the starting time of stress relaxation was zeroed
out.

Table 4: Parameters of the viscoelastic model for coarse-grained
PU matrix at the different strains of stress relaxation.

εT e λ R2

0.05 0.812 0.238 0.751

0.10 0.709 0.217 0.770

0.20 0.589 0.303 0.783

0.40 0.549 0.446 0.729

0.60 0.521 0.954 0.770

0.80 0.535 0.916 0.735
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strength is independent of loading path. After yield-
ing, the stress curves of the unloading-reloading
cycles contain the hysteresis loops, which imply that
the strain of the unloading points contains elastic
strain, plastic strain, and viscous strain

(4) During the stress relaxation process, the evolution of
the axial stress is primarily caused by the varied van
der Waals interactions. The mechanical behavior of
the amorphous PU matrix under stress relaxation
at the nanoscale can be described by the viscoelastic
model consisting of one elastic element in parallel
with one Maxwell element
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Blasting vibration is a widely studied harmful effect of rock blasting excavations. Many factors affect its dominant frequency,
which makes analyzing, evaluating, and predicting it difficult. This study explored the factors influencing the dominant
frequency of blasting vibrations in the case of a spherical charge. Based on symmetry, a theoretical analysis in terms of a
spherical explosion source is generally sufficient to describe a cavity excited by a spherical explosion charge. The elastic cavity
radius and the dominant frequency of vibration induced by the spherical blasting source are closely related. However, there is a
lack of relevant research on cylindrical charges. Therefore, a calculation model for a single-hole cylindrical charge was
established. There is a relationship between the corresponding dominant frequency and the range of the plastic zone. The
results indicate that the dominant frequency of the blasting vibration for both cylindrical and spherical charges is closely
related to the range of the plastic zone formed by the rock blasting. As the elastic cavity radius increases, both the zero-
crossing and the dominant Fourier frequencies decrease, and the amplitude spectrum shifts to lower frequencies. However,
increasing the cylindrical charge diameter causes more changes in the plastic zone in the direction perpendicular to the
cylindrical explosive axis. Moreover, increasing the charge length causes more changes in the plastic zone along this axis. It is
therefore difficult to identify a unique dimensional parameter that characterizes the range of the plastic zone formed by the
blasting. Because the plastic zone around a cylindrical charge is less regular than around a spherical charge, the charge weight
Q is a more favorable parameter than the elastic cavity radius a when used as the main influencing factor and in an
attenuation analysis for the dominant frequency of cylindrical charge blasting.

1. Introduction

As an efficient excavation method, borehole blasting is easy to
induce harmful vibration effects, which has always been the
focus of attention [1–3]. The dominant frequency induced
by cylindrical charge is an important index to characterize
blasting vibration [4, 5], but the theoretical research is not suf-
ficient compared with spherical charge. Therefore, to fully
understand the vibration characteristics of cylindrical charge
qualitatively and quantitatively, it is often necessary to learn
from the relevant spherical charge theory [6]. Previous studies

have demonstrated that there are two stages of blasting vibra-
tion effect induced by spherical charge. The first stage is the
initial state of explosive expansion, where the energy released
by the explosive expands symmetrically in all directions, and
P wave is generated, causing compression deformation in the
surrounding rockmass. The second stage is the roof-like uplift
caused by the expansion of soil within a certain epicenter dis-
tance due to the residual pressure of explosive gas in the spher-
ical cavity, which is considered as the elastic vibration in the
near region. For the spherical explosion source, due to the
spherical symmetry of the explosion load, the problem can
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be simplified to a one-dimensional problem, and the solution
of the problem can be obtained through analytical calculation
[7] so that the relationship between the vibration spectrum
and the radius of the plastic zone can be analyzed and
obtained. However, for cylindrical charge, the analytical solu-
tion of its dominant frequency is difficult to obtain due to the
influence of many factors such as charge structure, explosion
energy release form, and free surface [8, 9].

According to the degree of damage to the rock mass
around the borehole blasting, it can be simply divided into
crushed zone, cracked zone, and elastic formation zone [10].
In fact, the blasting damage of rockmass is a complex dynamic
accumulation process. When discriminating the range of rock
damage, most of the current methods to evaluate rock blasting
damage are based on numerical modeling [11]. Grady [12]
proposed an isotropic damage model for rock blasting, which
uses a scalar to describe the deterioration of rock stiffness and
assumes that the number of cracks obeys the two parameter
Weibull distribution. Yang et al. [13] believe that the crack
can propagate only when the bulk strain is greater than a cer-
tain value and proposed the concept of fracture probability,
which is introduced in the definition of damage variable. Ma
[14] introduced the Johnson-Holmquist (J-h) material model
into LS-DYNA to simulate the rock fracture damage process
caused by blasting.

To obtain the range of rock blasting damage area, most
methods are trying to calculate the peak particle velocity
(PPV) produced by the detonating charge compared against a
PPV that is known or adopted (most of the time based on
site-specific field tests) that will produce some damage in the
rock or rock mass [15]. Holmberg-Perssion [16] assumes that
the cylindrical charge is regarded as a small section connected
in series, and the PPV distribution in the rock mass can be
obtained by combining each small section of charge. Based
on the cylindrical wave theory and the wavelet theory of spher-
ical wave and long cylindrical charge, Hustrulid and Lu [17]
deduced the theoretical formula for the attenuation of peak
vibration velocity of blasting vibration particles by considering
the detonation velocity of explosives from the viewpoint pro-
posed by Starfield [18]. Most of the studies combine the dam-

age range of rock with PPV, and generally, the larger the PPV
induced by rock blasting, the larger the range of cracked zone
caused by blasting. In fact, similar to PPV, the dominant fre-
quency of blasting vibration is also an important parameter to
characterize blasting vibration [19], which has two most com-
monly used definitions, including zero-crossing frequency f z
(the frequency corresponding to the peak vibration period)
and Fourier frequency f F (the frequency corresponding to the
maximum amplitude in the spectrum), shown in Figure 1.
And the dominant frequency is also closely related to the
damage range formed by rock blasting [20]. However, there is
much less research on the relationship between the dominant
frequency of blasting vibration and the range of cracked zones
caused by blasting. Therefore, through the research, it can pro-
vide some meaningful perspectives for exploring the propaga-
tion characteristics and attenuation characteristics of the
dominant frequency of blasting vibration.

On the basis of the stress wave excited by spherical cavity
explosion in an elastic rock mass, the theoretical solution of
spherical wave propagation and the velocity spectrum are ana-
lyzed. By establishing the dynamic finite element model of
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single borehole cylindrical charge, the distribution characteris-
tics of rock blasting cracked zone are analyzed, and the numer-
ical relationship between the cracked zone of blasting and the
dominant frequency is explored, which is helpful to under-
stand the factors affecting the dominant frequency of blasting
vibration by cylindrical charge.

2. Relationship between the Cracked Zone and
the Dominant Frequency

The explosive blasting causes a large transient impact load
acting on the rock, and the energy released by the explosive
propagates outward in the form of stress wave. The regions
encountered by a blasting stress wave propagating away from
the blasting center can be approximately classified as the
crushed, cracked, and elastic areas, according to the degrees of
damage in the rock, and the propagation properties of shock,
stress, and seismic waves vary accordingly. In the crushed zone,
the rock is crushed because the pressure caused by the blasting
load greatly exceeds its compressive strength. In the cracked

(fracture) zone, the circumferential tensile stress of the rock
mass often exceeds its tensile strength; the rock mass also
undergoes an irreversible tensile deformation. In the elastic
deformation zone, the load on the rock mass is only sufficient
to cause elastic vibration and not plastic deformation. The blast-
ing damage zone of the rock mass is illustrated in Figure 2.

To facilitate the analysis, the nonelastic zones (crushed zone
and cracked (fracture) zone) near the blasthole are generally
regarded as the equivalent blasting source, in which the elastic-
plastic boundaries are applied on the blasting load [21–23].
Therefore, the theoretical solution of an elastic wave excited by
a spherical cavity in an elastic medium can be adopted [7].

Introducing a potential function φ to represent the radial
displacement

u = ∂φ r, tð Þ
∂r

: ð1Þ

Assuming the load function acting on the inner wall of
the spherical cavity is pðtÞ,
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φ r, tð Þ = −
a

ρωr

ðs
0
p s − tð Þe−ητ sin ωτð Þdτ, ð2Þ

s = t −
r − a
CP

, ð3Þ

η = 1 − 2ν
1 − ν

CP

a
, ð4Þ

ω =
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2ν

p

1 − ν

CP

a
, ð5Þ

where pðtÞ is the blasting load acting on the elastic cavity, λ and
μ are the constants of lame, ν is Poisson’s ratio, ρ is the density,
and Cp is the longitudinal wave velocity. a is the radius of the
elastic cavity (cracked zone). ω is the phase of the function φ,
which is also the natural frequency of the equivalent system.

When the dynamic load of stress waves over time is
adopted in the form

p tð Þ =

0 t<−τ1,
σmax 1 + t/τ1ð Þ −τ1 ≤ t ≤ 0,
σmax 1 − t/τ2ð Þ 0 ≤ t ≤ τ2,
0 t > τ2,

8>>>>><
>>>>>:

ð6Þ

where σmax is the peak value of blasting load, τ1 is the rising
time of blasting load, and τ2 is the time of blasting load
reduction from peak to zero.

By means of Fourier transform, the velocity spectrum of
blasting vibration in elastic rock mass due to the action of
pðtÞ on the elastic boundary can be obtained as follows:

where τ = τ1 + τ2, ae = τ1/τ, and be = τ2/τ.
The same rock mass parameters are selected: density ρ

= 2700 kg/m3, Poisson’s ratio = 0:22, peak value of blasting

load σ = 50MPa, duration of blasting load τ = 10ms, and
rising time of blasting load τ1 = 2ms. The influence of elastic
cavity radius on the blasting vibration spectrum is analyzed

Table 3: The radius of the middle section under different charge diameters.

Charge diameter d (mm) Charge length l (m) Charge weight Q (kg) The radius of the middle section (m)

90 8 50.89 1.96

110 8 76.03 2.59

130 8 106.19 3.19

Table 4: Radius of plastic zone under different charge diameters.

Charge diameter d (mm) Charge length l (m) Charge weight Q (kg) The radius of the middle section (m)

110 6 57.02 2.59

110 8 76.03 2.59

110 10 95.03 2.59

Table 1: Calculation parameters of JWL equation of state for explosives.

Material Density (g/m3) V (m/s) CJ pressure (Pa) A (GPa) B (GPa) R1 R2 ω

Explosion 1 × 103 3600 3:24 × 109 214 0.18 4.2 0.9 0.15

Table 2: Calculation parameters of rock materials.

Material Elastic modulus (GPa) Density (g/m3) Poisson’s ratio Shear modulus (GPa) Bulk modulus (GPa) Yield stress (MPa)

Rock 20 2400 0.24 8.06 12.8 40

F ωð Þ =
Sσ jωð Þj jaωCp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
p + r2ω2

q

4μr2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp/a
� �4 + 1 − λ + 2μð Þ/2μ½ �ω2 Cp/a

� �2 + λ + 2μð Þ/4μ½ �2ω4
q ,

Sσ jωð Þj j = σmax
aebeτω2 1 + a2e + b2e + 2aebe cos ωτ − 2 ae cos beωτ + be cos aeωτð Þ� �1/2,

ð7Þ
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by substituting the rock parameters into the formula. The
velocity amplitude spectra corresponding to different elastic
cavity radius (elastic cavity radius a = 10m, 20m, 30m,
40m, 50m) are plotted in Figure 3(a), and the normalized
velocity amplitude spectra are plotted in Figure 3(b).

As shown in Figure 3, increasing the radius of the elastic
cavity increases the amplitude of the vibration velocity spec-
trum and shifts the peak toward lower frequencies. The dom-
inant Fourier frequency decreases with increasing radius of the
elastic cavity.

3. Relationship between the Plastic Zone and
the Dominant Frequency in
Cylindrical Charge

3.1. Range of Plastic Zone. Under the condition of cylindrical
charge, when the external load of the rock around the explosive
reaches a certain value, the stress exceeds the yield strength of
the rock, which brings irreversible plastic deformation. Cylin-
drical charge is different from the spherical charge that the
plastic zone is not an approximate spherical zone, and the evo-
lution radius of the plastic zone is not easy to define. In this
study, the plastic deformation range of rock around the bore-
hole is compared under different working conditions, and the
plastic radius of the middle section of charge length with the
bottom initiating cylindrical charge (hereinafter referred to as
“the radius of the middle section”) is taken for comparison

under all different working conditions. In LS-DYNA program,
when the equivalent stress is equal to the yield stress of the
material, it is also used as the judgment standard for the mate-
rial to enter plastic deformation. The yield criterion at coordi-
nates i, j is as follows:

1
2 sijsij −

1
3σ

2
s = 0, ð8Þ

where sij = σij − σmδij is the deviatoric stress tensor, σm=1/
3ðσ11+σ23+σ33Þ is the average stress, σs is the yield stress of rock,
when the plastic deformation of rock occurs, and σ11, σ22, σ33
is the first, second, and third principal stresses, respectively.

�σ = 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ3 − σ1ð Þ2

q
: ð9Þ

Under the action of explosion load, the equivalent stress of
rock �σ is greater than the yield stress of rock σs.

3.2. Numerical Model and Calculation Conditions. The blast-
ing process of a cylindrical charge in an infinite rock mass
was simulated numerically using a finite-element model
and numerically analyzed using the LS-DYNA software.
The model represents a quarter cylinder of radius 80m, as
shown in Figure 4.

Elastic-plastic boundary
under different charge diameter

Blasting
hole

Stemming

a1 a2 a3

Charge diameter d1/d2/d3

Figure 5: Elastic-plastic boundary under different charge diameter.

a1

a2

a3

Elastic-plastic boundary
under different charge length

Blasting hole

Stemming

l1

l3

l2

Charge
length

Figure 6: Elastic-plastic boundary under different charge lengths.
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The dynamic impact of explosives is simulated by using
the fluid-solid coupling algorithm, and the relationship
between pressure and volume during the explosion is calcu-
lated by combining with JWL equation of state, in which the
calculation parameters of the emulsion explosives used are
shown in Table 1.

V is the velocity of detonation, A and B are the product
JWL coefficient, R1 and R2 are the unreacted JWL coefficient,
and CJ pressure is the initial pressure.

The rock mass is simplified as an isotropic ideal elastic-
plastic material simulated by the bilinear elastic-plastic model
in Table 2.

The development of the elastic cavity radius was ana-
lyzed by changing the radius and length of the charge, which
are the dimensions commonly used in the context of foun-
dation excavation in hydraulic engineering. The variations
of the elastic cavity radius for different charge parameters
are listed in Tables 3 and 4.

Under the condition of a constant charge length, we cal-
culated the radii of the middle section formed by blasting,
for charge diameters d = 90, 110, and 130mm.

Under the condition of a constant charge diameter, we
calculated the radii of the middle section formed by blasting,
for charge length l = 6m, 8m, and 10m.

As shown in Table 3, the plastic radius of the middle sec-
tion of the charge length increases with the charge diameter

between 90 and 130mm. According to Table 4, the range of
the plastic zone increases when the charge diameter remains
constant at 110mm while the charge length increases from 6
to 10m. However, its size increases mainly along the axial
direction of the cylindrical charge, and the plastic radius of
the middle section for charge lengths a1, a2, a3 shows no signif-
icant change.

Figures 5 and 6 suggest that an increase in the charge
diameter and the charge length increases the range of the plas-
tic zone. An increase in the charge diameter tends to increase
the range of the plastic zone in the direction perpendicular to
the explosive axis, and an increase in the charge length tends
to increase the range of the plastic zone along the explosive
axis direction. Therefore, the diameter of the plastic range of
the cylindrical charge is more difficult to define owing to the
shape of the charge in contrast to a spherical charge.

3.3. Analysis Results under Different Charge Diameters. Mea-
suring points at the elastic-plastic boundary in the middle
section were selected for analysis, in the case of different
charge diameters d = 90, 110, and 130mm. The waveform
and frequency spectrum at these measuring points are com-
pared and analyzed in Figure 7 and Table 5.

The plastic radius of the middle section shows little
change for charge lengths l = 6, 8, and 10m. Measuring
points on the elastic-plastic boundary of the middle section
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Figure 7: Waveforms and spectra of the elastic-plastic boundary under different charge diameters.

Table 5: Radius of plastic zone under different charge diameters.

Charge diameter d
(mm)

Charge weight
Q (kg)

The plastic range radius of the middle
section a (m)

Zero-crossing dominant
frequency (Hz)

Fourier dominant
frequency (Hz)

90 50.89 1.96 322.6 371.8

110 76.03 2.59 270.3 332.7

130 106.19 3.19 263.2 313.1
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were selected for analysis, and the corresponding waveforms
and spectra are compared and analyzed in Figure 8 and
Table 6 for various working conditions.

When increasing either the charge diameter or length, the
plastic zone range also increases. However, changing the
charge diameter and length causes the plastic zone to change
in two different directions relative to the explosive geometry.
This is a consequence of the more complex charge structure
and load energy-release mechanism pertaining to a cylindrical
charge, compared to a spherical charge. Therefore, the diame-
ter of the plastic zone induced by the cylindrical charge is
more difficult to define than in the case of a spherical charge.

Figures 7 and 8 suggest that increasing the charge diameter
and length causes an increase in the range of the plastic zone
and a decrease in the zero-crossing dominant frequency and
in the dominant Fourier frequency. This is generally consis-
tent with the results obtained for a spherical charge. However,
the charge diameter and the charge length cause the plastic
zone to change in two different directions relative to the explo-
sive geometry. Specifically, an increase in the charge diameter
causes an increase in the plastic range in the direction perpen-
dicular to the explosive axis, and an increase in the charge
length causes an increase in the plastic range along the explo-
sive axis.

According to Equation (5), the dominant frequency of a
blasting vibration often has a proportional relationship with
Cp/a or Cp/Q. Most existing formulas for this frequency
show Cp/a or Cp/Q as the proportionality factor [19, 24,
25]. Under the condition of spherical charge, the charge
weight Q and the radius of elastic cavity a are interchange-
able according to the relationship expressed as follows:

Q = 4
3πa

3q, ð10Þ

where q is the unit explosive consumption of rock.
The plastic zone radius a of a cylindrical charge is challeng-

ing to determine in an actual blasting process. (For example, as
shown in Table 6, for a constant charge diameter and a charge
length varying from 6 to 10m, the plastic radius of the middle
section does not change significantly.) It is therefore often
replaced by the charge weight Q. A reasonable correlation is
observed between the radius of the plastic zone and the domi-
nant frequency of the cylindrical charge in Figures 9 and 10.
However, owing to the complexity of the definition of plastic
zone, the charge weight Q is a more favorable parameter than
the elastic cavity radius a when used as the main influencing

Table 6: Radius of plastic zone under different charge length.

Charge length l
(m)

Charge weight Q
(kg)

The plastic range radius of the middle
section a (m)

Zero-crossing dominant
frequency (Hz)

Fourier dominant
frequency (Hz)

6 57.02 2.59 294.1 371.8

8 76.03 2.59 270.3 332.7

10 95.03 2.59 263.2 313.1

a1 = 2.59 m
a2 = 2.59 m
a3 = 2.59 m
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Figure 8: Waveforms and spectra of the elastic-plastic boundary under different charge diameters.
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factor and in the attenuation analysis of the dominant fre-
quency of cylindrical charge blasting.

4. Discussion

Explosive blasting in rock forms a rock damage area. For cylin-
drical charge, there have been many studies on the definition
and range of rock damage, which are different according to
the rock damage criteria. For instance, Xayyraed [26] shows
that when blasting a single hole in a semi-infinite rock medium
with a known blasting load, the crushed zone radius r1 and

fractured (cracked) zone radius r2 take the form

r1 =
ρrC

2
P

5σc

� �1/2 P
σ

� �1/4
a, ð11Þ

r2 =
μP

1 − μð Þσt

	 
1/β
a, ð12Þ

where μ is the Poisson ratio, Cp is the P wave velocity of the
rock mass, σc and σt are the unconfined compressive strength
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Figure 11: Schematic diagram of single-hole blasting.
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and tensile strength of the rock, σ is the compressive strength of
the rock under multiaxial stress, P is the radial blasting load,
and β is the attenuation exponent of the stress wave.

In Equations (10) and (12), the range of rock blasting
damage area is comprehensively affected by rock mechanical
parameters, blasting load, and charge weight (diameter). It
can be seen that the range of rock plastic area is a more com-
prehensive index for the influencing factors of blasting
vibration dominant frequency, compared with charge
weight. However, it is not easy to characterize the range of
rock damage zone for cylindrical charge.

In the process of excitation and propagation of blasting
seismic waves, affected by the form of explosion source, the
types and dominant components of blasting-induced seismic
waves will be different. Different types of seismic waves will
inevitably lead to the differences of blasting vibration spec-
trum and dominant frequency due to their differences in
propagation speed and attenuation characteristics. Accord-
ing to the different propagation paths of the wave, it can
be divided into body wave and surface wave. The propaga-
tion of body wave in rock mass can be divided into compres-
sive wave (P wave) and shear wave (S wave), as shown in
Figure 11. In terms of the existence of the surface free sur-
face, the surface wave (S wave) will also appear on the free
surface of the semi-infinite space, which further increases
the complexity of analyzing the dominant frequency of
cylindrical charge blasting.

5. Conclusion

In this study, the numerical relationship between the elastic
cavity radius and the dominant frequency induced by cylin-
drical charge has been explored. It has been found that

(1) with the increase of the elastic cavity radius, the
zero-crossing and the Fourier dominant frequency
decreases, and the amplitude spectrum shifts to the
low frequency part, which is similar to the regulation
of spherical charge obtained by theoretical analysis

(2) both the increase of charge diameter and charge
length will increase the plastic zone induced by
cylindrical charge, but as a result of the more com-
plex charge structure and load energy release mech-
anism of cylindrical charge compared with spherical
charge, the charge diameter and charge length will
cause the plastic zone to change in the different
directions of the explosive

(3) the range of plastic zone of cylindrical charge also
has an approximate logarithmic relationship with
the dominant frequency. However, since the plastic
zone of cylindrical charge is less regular than that
of spherical charge, the charge weight Q is a more
favorable parameter compared with the elastic cavity
radius a when used as the main influencing factor
and attenuation analysis on the dominant frequency
of cylindrical charge blasting
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In recent years, the construction of a CFST arch bridge has developed rapidly; however, as a kind of structural system dominated
by compression, with the increase of material strength and span, the stability of the main arch of the CFST arch bridge has become
more and more important. In this paper, the finite element method is used to analyze the hanger force and the main arch stability
of the long-span CFST arch bridge. Combined with the Shenzhen Rainbow Bridge project, the axial force of the hanger, the
internal force, and stability of the main arch of the arch bridge are studied. In the establishment of the finite element model,
considering the actual operation of the arch bridge, the model simulates the interaction between steel pipe and concrete, it
studies the large deformation of CFST arch bridges, and the stress distribution and overall stability of the arch bridge are
analyzed. The results show that the main deformation of the CFST arch bridge is the vertical displacement of the deck, and the
axial force of most members of the upper arch ribs is greater than that of the lower arch ribs. The axial force and bending
moment of the lower arch rib near the arch foot are larger, and the compressive stress of the arch foot is greater than that of
other positions. The axial force of the suspender of the arch bridge is the largest at both ends of the hanger and the middle
hanger, and the axial force of the other hanger is close to each other, and the axial force changes little under the same case.
The buckling modes of the arch are mainly the lateral buckling or flexural buckling of the arch rib outside the plane, which
indicates that the vertical stiffness of the arch bridge structure is larger than that of the transverse stiffness. The research results
make the load-bearing mechanism of the CFST arch bridge more clear and also provide a certain reference for the design and
construction of the CFST arch bridge.

1. Introduction

The strength and performance of steel tube and concrete in
the CFST arch bridge should be supplemented and
improved [1]. First, the steel tube wall is reinforced by filling
it with concrete [2]. Secondly, with the help of the steel
tube’s hoop effect on the core concrete, the core concrete is
in a three-way compression state, so that the core concrete
has higher compressive strength and antideformation ability,
thus greatly improving the bearing capacity of the arch rib
[3]. In addition, the steel tube ribbed arch can make the
main arch ring itself a template for a self-erecting system
and pouring concrete in the tube, which is convenient for
the realization of the construction without support, thus

solving the two major problems of the application and con-
struction of the high strength material of the arch bridge [4].
And its economic benefits are more in line with the existing
national conditions of our country, and it has become a new
hot bridge type and is considered to be a relatively ideal
structure for the construction of long-span arch bridges
[5]. For the structure of the CFST arch bridge, the stability
problem is particularly prominent, as the structure of the
arch bridge is more complex; once the instability failure
occurs, it will cause a chain reaction, resulting in huge losses.
The stress of the CFST arch bridge is complicated, and it is
difficult to calculate with the existing analytical methods,
the finite element method is an effective method to solve
complex problems, so the finite element method to analyze
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the stability of the CFST arch bridge has the value of popu-
larization and application.

The stability of long-span CFST arch bridges has been
studied by many scholars at home and abroad. In order to
study the structural stability and dynamic performance of
the long-span CFST arch bridge, from the design form of
the arch bridge hanger and different dynamic models, the
influence line characteristics of the tie arch bridge and
impact coefficient of bridge span under different train excita-
tion are studied [6]. Some scholars have studied the influ-
ence of different filling schemes on the stability of CFST
arch bridges from the perspective of construction [7]. For
in-plane stability of a single round tubular concrete-filled
steel tube arch bridge, considering the effects of equivalent
slenderness ratio, span ratio, and longitudinal stiffness, the
ultimate bearing capacity coefficient of the arch bridge is cal-
culated [8]. The homogeneous generalized yield function for
the compression and flexural stability analysis of CFST
members was established by a comprehensive test method
and regression analysis method; using a linear elastic itera-
tive method to calculate the ultimate bearing capacity of
the structure, it overcomes the limitation of the incremental
nonlinear finite element method and can obtain higher cal-
culation accuracy and efficiency [9]. Some scholars have
studied the stability of the inclined concrete-filled steel tube
arch bridge, the inclined arch can significantly improve the
stability of the arch rib, but the bearing capacity of the arch
rib should be matched with the CFST arch rib, so as not to
be destroyed and lead to the overall instability of the arch
rib under the ultimate load [10]. In order to study the influ-
ence of transverse braces on the concrete-filled steel tubular
arch bridge, the effect of the parameters such as the spacing
of transverse braces, the type of transverse braces, and the
stiffness of transverse braces on the transverse elastic stabil-
ity of the arch bridge is determined, and the main factors
affecting the transverse stability of the arch bridge are judged
[11]. In addition, the stability of the CFST arch bridge is also
related to the research method, the characteristics of bridge
foundation rock, and the underground water level [12–15].

2. Stability Theory Overview of CFST
Arch Bridge

For CFST arch bridges, the bearing capacity of the main arch
is mainly determined by its strength and stability, especially
the stability, which has an important influence on the ulti-
mate bearing capacity of CFST arch bridges. The buckling
of the main arch can be divided into two types: branch point
buckling and extreme point buckling.

2.1. Branch Point Buckling. Branch point buckling usually
refers to the stressed structure being a perfect system; that
is, the geometric shape and stress state of the arch are ideal-
ized, without defects and deviations, and the critical load of
the arch can be solved by an analytical method:

Ncr = π2 EI

kSð Þ2
: ð1Þ

In the equation, Ncr is a quarter of the cross-critical axial
load of the arch, E is the elastic modulus of material, I is the
moment of inertia of cross-section, S is half the length of the
arch axis, and k is an effective length coefficient.

The critical load of branch point buckling can also be
solved by the finite element method; usually using the virtual
work principle, listing the equilibrium conditions, the ele-
ment stiffness matrix of the structure is calculated and com-
bined with the boundary conditions and load distribution of
the arch. The equations of rod end displacement and rod
end force are given by integrating the positioning vector
and the overall stiffness matrix; the critical load and buckling
mode of the arch branch point can be solved by the condi-
tion of a nonzero solution of joint displacement.

2.2. Extreme Point Buckling. Extreme point buckling gener-
ally occurs in imperfect systems; this is mainly due to the
deviation of the geometry of the structure, uneven material
properties, asymmetric load distribution, and other factors
resulting in the buckling problem. At this time, the arch is
in the state of bending and pressing, and the coupling prob-
lem between geometric nonlinearity and material nonlinear-
ity needs to be considered simultaneously, which is very
complicated to calculate. Especially for a concrete-filled steel
tube arch bridge, the main arch belongs to a composite
material, and the structural material property is complex,
which makes the calculation of the stability of the main arch
more difficult. The finite element method is generally used to
calculate the buckling load of the main arch.

3. Finite Element Model

3.1. Material Parameters. In the calculation model, the con-
stitutive relation of the CFST of the main arch is the key
problem to establish the finite element model. At present,
there are three methods to treat the CFST constitutive mate-
rials in China: the same node double element method, the
equivalent stiffness method, and the unified theory method
[16]. The equivalent stiffness method is relatively simple in
modeling, and the accuracy can meet the engineering
requirements when carrying out static force, but it does
not consider the tightening effect of steel pipe on core

Z
12 X

Y

11

Figure 1: The finite element calculation model of CFST arch
bridge.
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concrete [17]. According to the equivalent stiffness method,
the comprehensive elastic modulus, area, and moment of
inertia of CFST members in the limit state of normal service
are calculated as follows.

The compression and tensile stiffness are

EA = EaAa + EcAc: ð2Þ

The bending stiffness is

EI = EaIa + EcIc: ð3Þ

In the expression, Aa and Ia are, respectively, the area of
the cross-section of the steel tube and the moment of inertia
with respect to its barycenter axis; Ac and Ic are, respectively,
the area of the cross-section of concrete in the steel tube and
the moment of inertia with respect to its barycenter axis; and

Ea and Ec are the elastic modulus of steel and concrete,
respectively.

The parameter setting of the arch bridge will affect the
finite element simulation results, and the bridge stiffness will
affect its deformation and vibration frequency. A bridge with
high stiffness will produce small deformation and high fre-
quency. In addition, the elastic modulus and Poisson’s ratio
of the material also affect the stress of the bridge.

3.2. Project Summary. Shenzhen Rainbow Bridge is 1.2 km
long; it spans 29 railway channels of Shenzhen North Rail-
way Station, making it one of the most bridges across railway
channels in the world. The main bridge is a bottom-
mounted CFST flexible tie arch with no thrust at the arch
foot, the width of the bridge deck is 23.5m, and the width
of the bridge deck at the arch foot is 28m. Computational
span is 150m, single span two-way four lanes, the rise-
span ratio is 1/4.5, the arch axis is a catenary arch axis,
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Figure 2: The axial force cloud map of main arch under case 5 (N).
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Figure 3: The bending moment cloud map of main arch under case 5 (N·m).
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and the arch axis coefficient is 1.167. The bridge has double
arch ribs, each arch rib is composed of 4ϕ750 × 12mm steel
tube truss section, truss height is 3.0m, truss width is 2.0m,
and the steel tube is filled with No.50 microexpansion con-
crete. A total of 17 pairs of hanger rods are set up in the arch
ribs of the bridge, the hanger rods at each point are double
hanger rods, and the hanger cables are extruded double-
layer large pitch twisted stay cables [18]. Each hanger cable
is composed of 61 galvanized high strength and low relaxa-
tion prestressed steel wires with a diameter of 7mm; the
standard strength of the steel wire is Rb

y = 1670MPa. The
foundation of the substructure is a single-column single-
pile type, and the piers are composed of CFST columns with
a diameter of 2.8-3.4m with variable sections. The main arch
and bridge pier adopt the form of arch pier consolidation,
and the arch foot is the intersection point of the main arch
pad, pier top, cap beam, and horizontal tie rod. The elastic
modulus of steel wire Es = 205GPa, the steel bar uses

HRB400, its strength design value is f y = f y′ = 360MPa, con-
crete strength grade is C50, and its elastic modulus is Ec =
34:5GPa. The stability of the arch bridge is calculated by a
linear elastic constitutive equation.

3.3. Finite Element Model. The bridge is modeled by general
finite element software ANSYS; the model is divided into
56,387 elements and 510,998 nodes. The arch ribs of the
bridge are modeled according to the arch axis equation,
and the upper and lower strings of CFST are discretized by
three-dimensional elastic beam elements; it is a uniaxial
force element which can be used to bear pull, pressure, bend-
ing, and torsion and endows it with the characteristics of
simulating CFST [19]. In addition, the BEAM4 beam ele-
ment is also used to simulate the upper and lower horizontal
joints, vertical belly bars, oblique belly bars, wind braces, and
the longitudinal beams, beams, and precast hollow slabs in
the bridge deck system. The suspender and the longitudinal
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Figure 4: The shear force cloud map of main arch under case 5 (N).
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Figure 5: The axial stress cloud map of main arch under case 5 (Pa).

4 Geofluids



Line stress
STEP = 1
SUB = 7
TIME = .100E-05
MFORCE MFORCE
MIN = 979185
ELEM = 12539
MAX = .133E + 07
ELEM = 12540

979185
.102E + 07

.106E + 07
.110E + 07

.114E + 07
.118E + 07

.121E + 07
.125E + 07

.129E + 07
.133E + 07

Y

Z X12

11

Figure 6: The axial force cloud map of hanger under case 1 (N).
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horizontal tie rod are simulated by the space rod element
(Link10) which only bears tension, and the element charac-
teristics are set to only bear tension. The applied prestress is

simulated by the method of equal effect variation. The prin-
ciple is to generate the strain equivalent to the prestress in
the structure by defining the real constant of the structure,
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so as to achieve the purpose of indirect application of pre-
stress [20]. The calculation model takes into account the
bond between steel pipe and concrete; the connection
between the main arch, suspender, and bridge slab; the
structural constraints of the arch bridge; and the load during
the construction and operation of the arch bridge. The finite
element calculation model of the CFST arch bridge is shown
in Figure 1.

3.4. Calculation Cases. In order to study the hanger force and
the stability of the main arch of the CFST arch bridge, the
rainbow bridge deck is arranged as four lanes in both direc-
tions, the lane load is 10.5 kN/m, and the crowd load is

2.5 km/m2. According to the volume and bulk density of
the element, the weight of the bridge member is exerted on
the element in the form of physical force; according to the
principle of static equivalence, the variable loads of bridges
are converted into uniform loads acting on the correspond-
ing longitudinal beam elements. According to the stress
characteristics of the arch bridge in operation and the layout
of the driveway, when vehicles cross the bridge, considering
the influence line of the bridge bending moment, the bridge
weight, lane load, and crowd load are combined. The calcu-
lation conditions are combined as follows: case 1, weight of
bridge structure; case 2, weight + 0:7 × lane 1 + 0:7 × lane 2;
case 3, weight + 0:7 × lane 1 + 0:7 × lane 3; case 4, weight +
0:7 × lane 1 + 0:7 × lane 2 + 0:7 × lane 3; case 5, weight + 0:7
× lane 1 + 0:7 × lane 2 + 0:7 × lane 3 + 0:7 × lane 4; case 6,
weight + 0:7 × lane 1 + 0:7 × lane 2 + crowd load 1; and case
7, weight + 0:7 × lane 1 + 0:7 × lane 2 + 0:7 × lane 3 + 0:7 ×
lane 4 + crowd load 1 + crowd load 2.

4. Force Analysis of Arch Bridge Structure

In order to have a clear understanding of the stress of the
CFST arch bridge, a three-dimensional finite element model
of the arch bridge is established based on the actual situation
of the arch bridge. In the model, the bond between steel tube
and concrete is simulated; the equivalent stiffness of CFST is
given; the connection between the main arch, suspender,
and bridge slab is simulated; and the element type used in
the model of the CFST arch bridge is determined. Consider-
ing the load combination and the corresponding boundary
conditions, the internal force of the suspender and the stabil-
ity of the main arch of the CFST arch bridge are analyzed.

4.1. Force Analysis of Main Arch. Through the finite element
analysis of the CFST arch bridge, the internal force and
stress cloud maps of the main arch under various cases are
obtained. The internal force and stress cloud maps of the
main arch under case 5 are shown in Figures 2–5.
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As we can see from Figure 2, the whole CFST of the arch
rib is in the state of compression and increases with the
increase of load. The absolute value of the axial force in the
middle part of the arch rib is small but increases obviously
to both sides, and the maximum value of the absolute value
of the axial force appears near the arch foot. In Figure 3, the
maximum positive bending moment is 412.759kN·m; the
maximum negative bending moment is -163.753kN·m. In
Figure 4, the shear force in the arch rib changes at the hanger,

which is due to the effect of the transmission force of the
hanger, and the maximum and minimum values appear at
the relatively symmetrical position in the middle of the span.
In Figure 5, the axial stress of the four upper and lower string
CFST in the arch rib is in a regular distribution from the top to
the foot, the maximum value is 13.6MPa, stress is less than the
axial compressive strength of C50 microexpansion concrete
23.1MPa, and the upper arch rib compressive stress is greater
than the lower chord compressive stress.
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Figure 12: The overall displacement cloud map of arch bridge under case 1 (m).
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4.2. Force Analysis of Hanger. Through the finite element
analysis of the CFST arch bridge, the axial force of the
hanger under various cases is obtained. The axial force cloud
map of the arch bridge hanger under cases 1, 2, 5, and 7 is
shown in Figures 6–9.

We can see from Figures 6–9, under case 1, that the
hanger is the main tensile component in the bridge, its main
function is to transfer the weight and load of the bridge deck
to the arch ribs, so its stress is large. Under case 2, compared
with case 1, the axial force of each hanger varies greatly, and
the force is no longer uniform, the hanger force at the mid-
dle and end of the span is larger, and the hanger force at the
north side is obviously larger than that at the south side, but

it still presents longitudinal symmetry. Under case 5, due to
the symmetry of the lane, the force of the hanger is also sym-
metrical, the distribution law of the hanger force between the
middle and the end of the span is larger, and the hanger
force between them is smaller. Under case 7, the tension of
the hanger increases obviously with the increase of the dis-
tribution load, the stress of the hanger at the end is larger,
and the stress of the other hanger near the end is relatively
small, with the maximum value of 1500 kN.

In order to analyze the axial force of the hanger of the
arch bridge, the northern hanger of the arch bridge is num-
bered from one end of the arch bridge to the other end, and
the numbers are 1 to 17. The variation curve of the hanger
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Figure 15: The overall displacement cloud map of arch bridge under case 7 (m).
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Figure 16: The first order buckling mode of arch bridge under case 1.
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Figure 17: The second order buckling mode of arch bridge under case 1.
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axial force on the north side of the arch bridge under various
cases is shown in Figure 10; the variation curve of hanger
axial force on the north side of the arch bridge with cases
is shown in Figure 11.

We can see from Figure 10 that the axial force of the
hanger on the north side of the arch bridge changes symmet-
rically; except for case 1, the axial force of the hanger on
both ends and the middle suspender is the largest in all
cases; the axial force of hanger 2 to hanger 5 and hanger
11 to hanger 16 has little change and tends to be stable.
Under case 1, the axial force of the hanger at both ends is

the largest, while the axial force of the hanger in the middle
tends to be stable with little change. The maximum axial
force of the hanger at both ends appears in case 7, and the
maximum axial force value is 1500 kN. The maximum axial
force of the middle hanger appears in case 7, and the maxi-
mum axial force value is 1443.8 kN. We can see from
Figure 11 that due to the symmetry of the axial force of
the hanger, only hanger 1 to hanger 9 are taken; under var-
ious cases, the axial force of hanger 1 is the largest, and it
shows a trend of gradual increase with each case. The axial
force of hanger 8 and hanger 9 fluctuates with the case, the
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Figure 18: The third order buckling mode of arch bridge under case 1.
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Figure 19: The fourth order buckling mode of arch bridge under case 1.
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Figure 20: The fifth order buckling mode of arch bridge under case 1.
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axial force values of other hangers are very close, and the
axial force changes little under the same case. Under case
7, the axial force of each hanger is the maximum.

4.3. Displacement Analysis. Through the numerical simula-
tion analysis of the CFST arch bridge, the overall displace-
ment of the arch bridge under various cases is obtained.
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Figure 21: The sixth order buckling mode of arch bridge under case 1.
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Figure 22: The first order buckling mode of arch bridge under case 7.
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Figure 23: The second order buckling mode of arch bridge under case 7.
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The overall displacement cloud maps of the arch bridge
under cases 1, 2, 5, and 7 are shown in Figures 12–15.

We can see from Figures 12–15, under case 1, that the
maximum displacement occurred near the middle span of
the lower arch rib on the north side, and the maximum dis-
placement is 5.39 cm; the deformation gradually decreased
from the middle span to the bridge head and tail, showing
along longitudinal and transverse symmetry. Under case 2,
the maximum displacement of the arch bridge occurs near
the middle of the fourth span of the south lane, and the max-
imum displacement is 5.22 cm, because the load applied is
symmetrical along the longitudinal direction, while the trans-
verse direction of the bridge is antisymmetric, the deformation
gradually decreases from the middle span to the bridge head
and tail, while the deflection increases significantly in the
transverse direction where there is load. Under case 5, the

maximum displacement of the arch bridge is 5.51 cm, which
appears at the connection point between the horizontal beam
and the hanger in the midspan; the deflection increases signif-
icantly in the place where there is load on the transverse bridge
deck. Under case 7, the maximum displacement of the arch
bridge is 5.72 cm, which occurs in the middle span of the arch
rib on the south side, and it is less than the allowable deflection
of the bridge L/800 = 18:5 cm.

5. Overall Stability Analysis of Arch Bridge

By analyzing the overall stability of the CFST arch bridge, the
instability modes of the arch bridge under various cases are
obtained. The internal force of the hanger calculated under
cases 1 and 7 is equivalent to the external force and directly
added to the lifting point on the upper arch rib, and the first
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Figure 24: The third order buckling mode of arch bridge under case 7.
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Figure 25: The fourth order buckling mode of arch bridge under case 7.
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Figure 26: The fifth order buckling mode of arch bridge under case 7.
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six order buckling modes of the arch bridge under cases 1 and
7 are calculated, as shown in Figures 16–27.

We can see from Figures 16–21 that the first order buck-
ling load coefficient is 4.9331, and the first, second, and
fourth order buckling modes of the main arch are all out-
of-plane instability; the specific modes can be divided into
the first symmetrical buckling outside the arch rib plane,
the second antisymmetric buckling outside the arch rib
plane, and the symmetric buckling outside the arch rib
plane. The sixth mode is the local antisymmetric buckling
outside the rib surface near the arch foot, the third mode is
antisymmetric buckling in the rib plane, and the fifth mode
is torsional buckling of arch ribs. In general, for the arch
bridge, considering the combined action of the arch rib, sus-
pender, and deck system, the in-plane stiffness is larger. The
out-of-plane stiffness decreases with the increase of the span,
and the out-of-plane stability problem is more prominent
than the in-plane stability problem. The above calculation
results also fully reflect the stability characteristics of the
CFST arch bridge.

We can see from Figures 22–27 that the first order buck-
ling load coefficient is 4.0938, which is larger than the reduc-
tion in case 5. All the other modes of the arch are out-of-
plane buckling except the third mode, which is in-plane buck-
ling. The specific modes include the first symmetrical buckling
outside the arch rib plane, the second antisymmetric buckling
outside the arch rib plane, the fourth symmetrical buckling
outside the arch rib plane, the fifth antisymmetric buckling
outside the arch rib plane (torsion of the arch rib), and the
local antisymmetric buckling outside the arch rib plane near

the foot of the arch. These can reflect that the arch bridge out-
side the plane buckling problem is more prominent.

The first six order stability coefficients of the main arch
under various cases are shown in Table 1. The stability coef-
ficient refers to the application of unit load under various
cases; the ratio of actual buckling load to unit load is the sta-
bility coefficient.

We can see from Table 1 that with the increase of the
load, the stability coefficient of the main arch decreases grad-
ually; that is, the stability safety reserve capacity decreases.
With the increase of the buckling order, the stability coeffi-
cient gradually increases; that is to say, the possibility of
high-order buckling becomes less and less. With the increase
of the instability order, the stability coefficient changes more
and more obviously with the load. For example, in the first
instable mode, the stability coefficient of case 1 and case 2
varies by 0.3638; in the sixth instable mode, the stability
coefficient of case 1 and case 2 varies by 1.782. The stability
coefficients of different modes in case 2 and case 6 are very
small, so the crowd load has little influence on the stability
of the arch bridge.

6. Conclusion

(1) The main deformation of the arch bridge is the ver-
tical displacement of the bridge deck; the axial force
of most members of the upper arch rib is greater
than that of the lower arch rib

(2) The axial force and bending moment of the lower
arch rib near the arch foot are larger, which first
enters the plastic state, and the stiffness should be
strengthened in the structural design

(3) The maximum compressive stress appears near the
arch foot, and the maximum compressive stress is
less than the compressive strength of concrete; the
arch bridge meets the strength requirements

(4) The maximum vertical displacement of the arch
bridge is 5.72 cm, the displacement value is small,
and the bridge meets the stiffness requirements

(5) The hanger axial force is symmetrically distributed,
and the hanger axial force at the bridge middle span

Table 1: The first six order stability coefficients of the main arch
under various cases.

Buckling
order

Stability coefficients
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

1 4.9331 4.5693 4.5695 4.4062 4.2549 4.4732 4.0938

2 9.9988 9.2708 9.2891 8.9646 8.6754 9.0505 8.3450

3 10.931 10.158 10.141 9.7897 9.4517 9.9691 9.0945

4 13.635 12.671 12.677 12.243 11.842 12.396 11.391

5 15.935 14.758 14.778 14.249 13.773 14.417 13.251

6 21.548 19.766 20.021 19.248 18.734 19.074 18.023
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Figure 27: The sixth order buckling mode of arch bridge under case 7.
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and ends is large, while that on the other hanger has
little change

(6) The vertical stiffness of the arch bridge is greater
than the lateral stiffness, and the basic instability of
the arch bridge is out-of-plane. The lateral support
should be strengthened; it increases the lateral stiff-
ness of the arch bridge and the ultimate bearing
capacity of the main arch
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The purpose of this work is to look at how soil heterogeneity and pore water pressure impact shield inclined tunnel excavation face
stability as burial depth varies. The calculation model of excavation face stability was established, and the supporting pressure of
maintain the excavation face stability was solved via the upper bound method. The results showed that the soil heterogeneity
coefficient and pore water pressure coefficient had substantial effects on the supporting pressure. The location of failure face
and failure range of shield inclined tunnel under varied heterogeneity coefficient and pore water pressure coefficient were
presented. In addition, the boundary depth of shallow tunnel under the influence of soil heterogeneity and pore water was
obtained, which supplemented the relevant tunnel code.

1. Introduction

The shield method is widely applied in subway and tunnel
construction as its benefits of safe excavation and fast driv-
ing speed. Due to the complex geological conditions, the
construction requirements are relatively high, and the sur-
face settlement is required to be controlled within the milli-
meter range, so it is very important to set a reasonable thrust
(support pressure) to ensure the shield tunneling smoothly.
Some scholars believe that most rocks and soils in nature
have heterogeneity [1–3]. For shield inclined tunnels, the
soil heterogeneity and pore water effect also change with
the buried depth constantly changing, which seriously affects
the stability of the shield tunnels. Therefore, it is statistically
significant to research the stability of shield inclined tunnels
under soil heterogeneity and pore water pressure effect. The
key to solve this problem is to determine the reasonable
support pressure under different buried depths, which has
significant scientific research value and engineering signifi-
cance [4–8].

For geotechnical engineering, especially tunnel engineer-
ing stability analysis, the limit analysis upper bound method

has been an excellent theoretical analysis method [9–14].
Ibrahim et al. [15] established the failure mode of tunnel
excavation face by “point-to-point” method for tunnels in
layered soil. The representation of the support resistance of
excavation face in layered soil was deduced via the virtual
power principle in limit analysis method, and the upper
limit solution of the support resistance was solved. Han
et al. [16] analyzed the mechanical state of the multilayer soil
and constructed the multiblock failure mode of the tunnel
excavation face. The upper limit solution of the supporting
pressure in the situation of multilayered soil was solved by
the limit analysis upper bound method. It was compared
to previous findings, and the accuracy of the computation
procedure was confirmed. Pan and Dias [17] established
the noncircular tunnel failure mechanism working face via
the limit analysis method and the strength reduction
method. The security factor of excavation face was esti-
mated, and the influence of different section shapes on the
safety factor was discussed. Senent et al. [18] constructed a
failure mechanism including translational and rotational
motions through limit analysis theory. The collapse pressure
of tunnel face considering free span was calculated, and the
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logic of mechanism was confirmed using numerical simula-
tion. None of the above studies explored the pore water
effect. After realizing the importance of pore water effect,
some scholars also carried out research. Chen et al. [19] con-
sidered the pore water pressure effect on the critical support-
ing pressure of tunnel face and proposed a method to
calculate it via the upper bound theorem. Finite element
analysis was used to verify the validity of the suggested tech-
nique. Li et al. [20] considered the pore water effect of deep
buried tunnel and used nonlinear limit analysis upper limit
theorem to construct a three-dimensional collapse failure
mode of deep-buried tunnels, deduced the calculation for-
mula for the three-dimensional collapse failure range, which
provides theoretical guidance for deep buried tunnel optimi-
zation design. Xu et al. [21] proposed a combined transla-
tional and rotational failure mode in the stability analysis
of the tunnel excavation face. The pore water effect into cal-
culation model was introduced. The limit analysis upper
bound method is used to solve the excavation face support-
ing pressure and the potential failure surface under the pore
water effect.

The above studies assume that the buried depth of the
tunnel remains unchanged; that is, the research results are
applicable to noninclined tunnels. To the shield inclined
tunnels, the buried depth is constantly changing, and the
shield tunnel stability is affected by the soil heterogeneity
and pore water pressure effect to varying degrees. The soil
heterogeneity and the effect of pore water were considered
via the existing research results in this work, and the limit
analysis upper bound method was adopted to calculate the
supporting pressure necessary for shield inclined tunnels
excavation surface stability.

2. Upper Bound Theorem of Limit Analysis
considering the Pore Pressure Effect

The pore water is a vital factor leading to instability of geo-
technical engineering. For the problem of tunnel stability
under the pore water effect, the pore water pressure was
included as an external factor in the upper limit analysis
method by several scholars [22–24]. The upper limit analysis
theorem of pore pressure effect was established. In this the-
ory, the pore water pressure was regarded as external force
acting on the soil particles, and the power generated by the
pore water pressure was divided into two parts. One is that
the pore water pressure causes volume strain in the soil,
and the other is the pore water pressure effect on the velocity
interruption surface. Its expression is as follows:

ð
V
σij _εijdV ≥

ð
S
TividS +

ð
V
FividV −

ð
V
u_εijdV +

ð
S
unividS,

ð1Þ

where σij and _εij, respectively, are the stress tensor and strain
rate at any point in the plastic failure zone; V and Fi are the
microvolume and volume force in the plastic failure zone,
respectively; Ti is the surface force acting on the boundary
S in the plastic failure zone; vi is the velocity on the discon-

tinuous line of velocity; u is the pore water pressure; and ni is
the discontinuity face normal direction.

3. Calculation Model

A calculation model of excavation face stability of shield
inclined tunnels considering soil heterogeneity and pore
water pressure effect was established by the existing litera-
ture [25–28] in this work. Figure 1 depicts the inclined tun-
nel excavation facing AB,M is the excavation face midpoint,
the tunnel diameter and buried depth are, respectively, d and
h, and the tunnel inclination angle is α. When the excavation
face is failure, it spins at an angular velocity ω around point
O, and the body destruction is AEB. The inner and outer
boundaries of the body destruction AEB are logarithmic spi-
rals AE and BE, and their expressions are r1ðθÞ = ra exp ½ðθ
− θ2Þ tan φ�, r2ðθÞ = rb exp ½ðθ1 − θÞ tan φ�. The angle of
vertex E is 2φ, and φ is the internal friction angle of soil. ra
and rb are the lengths of OA and OB, respectively, and θ1,
θ2, and θ3 are the angles between the vertical direction and
OB, OA, and OE, respectively. Meanwhile, u is the pore
water pressure, γ is the volumetric weight of soil, and σT is
the uniform supporting pressure on the excavation face.

The soil cohesion c varies linearly with depth, and then
[29, 30]:

c = c0 + ρ h − zð Þ, ð2Þ

where c0 is the initial cohesion of the soil, ρ is the coefficient
of soil heterogeneity, reflecting the relationship of cohesion
with depth, and z is the distance from a certain point in
the soil to the ground surface.

4. Upper Bound Solution

4.1. Soil Weight Power. In Figure 1, the failure area ABE can
be separated into the upper area AEB’ and the bottom area
ABB’. Under the action of the soil weight, the power gener-
ated in area AEB’ is Wγ‐AEB′ , and in it, the area ABB’ is

Wγ‐ABB′ , and the expressions are as follows:

Wγ‐AEB′ = γ ⋅ ω ⋅ r3b ⋅ g1 −
sin3 θ1 + αð Þ
sin3 θ2 − θ1ð Þg2

� �
, ð3Þ

Wγ‐ABB′ = γ ⋅ ω ⋅ r3b ⋅ g3, ð4Þ

where g1 ~ g3 are, respectively:

g1 =
1
3

ðθ3
θ2

e 3 θ1−θð Þ⋅tan φ½ � ⋅ sin θdθ

=
tan φ ⋅ sin θ2 ⋅ e 3 θ1−θ2ð Þ⋅tan φ½ � − sin θ3e

3 θ1−θ3ð Þ⋅tan φ½ �� �
1 + 9 tan2φð Þ

+
cos θ2e 3 θ1−θ2ð Þ⋅tan φ½ � − cos θ3 ⋅ e 3 θ1−θ3ð Þ⋅tan φ½ �

3 1 + 9 tan2φð Þ ,

ð5Þ
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g2 =
1
3

ðθ3
θ2

e 3 θ−θ2ð Þ⋅tan φ½ � ⋅ sin θdθ

=
tan φ ⋅ sin θ3 ⋅ e 3 θ3−θ2ð Þ⋅tan φ½ � − sin θ2

� �
1 + 9 tan2φð Þ

+
cos θ2 − cos θ3 ⋅ e 3 θ3−θ2ð Þ⋅tan φ½ �

3 1 + 9 tan2φð Þ ,

ð6Þ

g3 =
1
3

ðθ2
θ1

e 3 θ1−θð Þ⋅tan φ½ � ⋅ sin θdθ −
sin θ2 − θ1ð Þ sin2θ1

sin θ2 + αð Þ

( )

=
tan φ sin θ1 − sin θ2 ⋅ e 3 θ1−θ2ð Þ⋅tan φ½ �� �

1 + 9 tan2φð Þ

+
1
3

cos θ1 − cos θ2 ⋅ e 3 θ1−θ2ð Þ⋅tan φ½ �

1 + 9 tan2φð Þ +
sin θ2 − θ1ð Þ sin2θ1

sin θ2 + αð Þ
� �

:

ð7Þ
Then, the total soil weight power of ABE in the failure

area is:

Wγ =Wγ‐AEB′ +Wγ‐ABB′ : ð8Þ

4.2. Supporting Pressure Power. The power of the support
force σT in the failure area AEB is the sum of the product
of the support force σT and the tunnel face velocity:

WT =
ðθ2
θ1

rb
sin θ + αð Þ ⋅ sin θ1 + αð Þ ⋅ ω ⋅ cos θ + αð Þ ⋅ σT

⋅
rb

sin2 θ + αð Þ ⋅ sin θ1 + αð Þdθ = 1
2
σT ⋅ ω ⋅ r2b

⋅ 1 −
sin2 θ1 + αð Þ
sin2 θ2 + αð Þ

� �
:

ð9Þ

4.3. Pore Water Pressure Power. This work assumes that the
volume of the ABE in the failure area does not change; that
is, the pore water pressure exerts power on the volume strain

is 0, and the power only is done on the boundaries AE and
BE. The powers are:

Wu−AE =
ðθ3
θ2

r1 θð Þ cos θ ⋅ ru ⋅ γ ⋅ r12 θð Þ ⋅ ω ⋅ sin φdθ

+
ðθ3
θ2

h − ra cos θ2ð Þ ⋅ ru ⋅ γ ⋅ r12 θð Þω ⋅ sin φdθ

= ru ⋅ γ ⋅ ω ⋅ ra
2 ⋅ sin φ g4 + h − ra cos θ2ð Þ ⋅ g5½ �,

ð10Þ

Wu−BE =
ðθ3
θ1

h + d − rb cos θ1ð Þ ⋅ ru ⋅ γ ⋅ r22 θð Þ ⋅ ω ⋅ sin φdθ

+
ðθ3
θ1

r2 θð Þ cos θ ⋅ ru ⋅ γ ⋅ r22 θð Þ ⋅ ω ⋅ sin φdθ

= ru ⋅ γ ⋅ ω ⋅ rb
2 ⋅ sin φ ⋅ h + d − rb cos θ1ð Þ ⋅ g6 + rb ⋅ g7½ �,

ð11Þ
where g4 ~ g7are, respectively:

g4 =
ðθ3
θ2

e 3 θ−θ2ð Þ⋅tan φ½ � ⋅ cos θdθ

=
3 tan φ ⋅ cos θ3 ⋅ e 3 θ3−θ2ð Þ⋅tan φ½ � − cos θ2

� 	
+ sin θ3 ⋅ e 3 θ3−θ2ð Þ⋅tan φ½ � − sin θ2

1 + 9 tan2φ
,

ð12Þ

g5 =
ðθ3
θ2

e 2 θ−θ2ð Þ⋅tan φ½ �dθ =
e 2 θ3−θ2ð Þ⋅tan φ½ � − 1

2 tan φ
, ð13Þ

g6 =
ðθ3
θ1

e 3 θ1−θð Þ⋅tan φ½ � ⋅ cos θdθ

=
3 tan φ ⋅ cos θ1 − cos θ3 ⋅ e 3 θ1−θ3ð Þ⋅tan φ½ �� �

+ sin θ3 ⋅ e 3 θ1−θ3ð Þ⋅tan φ½ � − sin θ1
1 + 9 tan2φ

,

ð14Þ
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Figure 1: Calculation model for stability of excavation face of shield inclined tunnel.
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g7 =
ðθ3
θ1

e 2 θ1−θð Þ⋅tan φ½ �dθ =
1 − e 2 θ1−θ3ð Þ⋅tan φ½ �

2 tan φ
: ð15Þ

In sum, the total power of pore water pressure is:

Wu =Wu−AE +Wu‐BE: ð16Þ

4.4. Internal Energy Dissipation Rate. The internal energy
dissipation occurs on the speed discontinuous lines AE and
BE, denoted as WV−AE and WV−BE, respectively. According
to formula (2) and geometric relationship, we can get:

c = c0 + ρ h + r1 cos θ − ra cos θ2ð Þ, ð17Þ

where WV−AE expression is:

WV‐AE =
ðθ3
θ2

c ⋅ r1 ⋅ ω ⋅ cos φð Þ ⋅ r1
cos φ

dθ

= ω ⋅ r2a ⋅ c0 + ρ h − ra cos θ2ð Þ½ � ⋅ g8 + ω ⋅ ρ ⋅ r3a ⋅ g9:
ð18Þ

WV−BE expression is:

WV‐BE =
ðθ3
θ1

c ⋅ r2 ⋅ ω ⋅ cos φð Þ ⋅ r2
cos φ

dθ = ω ⋅ r2b ⋅ c0½

+ ρ h − ra cos θ2ð Þ� ⋅ g10 + ω ⋅ ρ ⋅ r3b ⋅ g11:
ð19Þ

The g8 ~ g11 expressions are:

g8 =
e 2 θ3−θ2ð Þ⋅tan φ½ � − 1

2 tan φ
, ð20Þ

g9 =
ðθ3
θ2

e 3 θ−θ2ð Þ⋅tan φ½ � ⋅ cos θdθ

=
3 tan φ ⋅ cos θ3 ⋅ e 3 θ3−θ2ð Þ⋅tan φ½ � − cos θ2

� �
+ sin θ3 ⋅ e 3 θ3−θ2ð Þ⋅tan φ½ � − sin θ2

1 + 9 tan2φð Þ ,

ð21Þ

g10 =
1 − e 2 θ1−θ3ð Þ⋅tan φ½ �

2 tan φ
, ð22Þ

g11 =
ðθ3
θ1

e 3 θ1−θð Þ⋅tan φ½ � ⋅ cos θdθ

=
3 tan φ ⋅ cos θ1 − cos θ3 ⋅ e 3 θ1−θ3ð Þ⋅tan φ½ �� �

+ sin θ3 ⋅ e 3 θ1−θ3ð Þ⋅tan φ½ � − sin θ1
1 + 9 tan2φ

:

ð23Þ
The dissipation rate of total internal energy is:

WV =WV‐AE +WV‐BE: ð24Þ

4.5. Supporting Pressure. Combining the above formulas can
derive the analytical expression of the supporting pressure

σT :

σT = σa =
2 Wγ +Wu −WV

� 	
ω ⋅ r2b ⋅ 1 − sin2 θ1 + αð Þ/sin2 θ2 + αð Þ
 � , ð25Þ

s:t:

0 < θ1 < θ2 < π/2

θ2 < θ3 < π

ra < rb

8>><
>>: : ð26Þ

Under the constraint condition of formula (26), the min-
imum value of the supporting pressure in formula (25) can
be solved by Matlab software, and it is the best solution. In
the final failure condition, the solved supporting pressure
is equivalent to the collapse pressure on the shield inclined
tunnels excavation face. That is, the failure surface σT = σa
is the most dangerous failure surface potentially in front of
the excavation face.

5. Result Analysis

5.1. Relative Error. The supporting pressure σT on inclined
tunnel excavation face is compared with different tunnel
inclination angle α, soil heterogeneity coefficient ρ, and pore
water pressure coefficient ru. The parameter results are as
follows [30, 31]: the volumetric weight of soil γ = 20kN/m3,
tunnel diameter d = 10m, tunnel buried depth h = 20m, ini-
tial cohesion c0 = 10 kPa, and internal friction angle φ = 18°.
In Table 1, when the tunnel inclination angle α = 0° and α
= 8° (ρ = 0:1 kPa/m, ru = 0:2), the supporting pressure σT
is 137.0 kPa and 135.5 kPa, respectively, and the relative
error is 1.1%. When the soil heterogeneity coefficient ρ = 0
and ρ = 0:4 kPa/m (α = 5°, ru = 0:2), the supporting pressure
σT is 142.5 kPa and 115.7 kPa, respectively, and the relative
error is 18.8%. When the pore water pressure coefficient ru
= 0 and ru = 0:4 (α = 5°, ρ = 0:1 kPa/m), the supporting
pressure σT is 53.2 kPa and 219.1 kPa, respectively, and the
relative error is 311.8%. They have different degrees of influ-
ences on the supporting pressure of excavation face. The
coefficient of pore water pressure ru has a foremost effect
and then is the coefficient of soil heterogeneity ρ, and the
influence of the inclination angle α is relatively small.

5.2. Supporting Pressure Analysis. The influence of soil het-
erogeneity and pore water pressure on the supporting pres-
sure of the excavation face is investigated, where tunnel

Table 1: Comparison of results.

α
(°)

σT
(kPa)

Relative
error
(%)

ρ
(kPa/
m)

σT
(kPa)

Relative
error
(%)

ru
σT

(kPa)
Relative
error(%)

0 137.0 — 0 142.5 — 0 53.2 —

2 136.6 0.3 0.1 135.8 4.7 0.1 94.5 77.6

4 136.1 0.6 0.2 129.1 9.4 0.2 135.8 155.3

6 135.6 1.0 0.3 122.4 14.1 0.3 177.3 233.3

8 135.5 1.1 0.4 115.7 18.8 0.4 219.1 311.8
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diameter d = 8m, tunnel buried depth h = 20m ~ 40m, the
volumetric weight of soil γ = 20kN/m3, initial cohesion c0
= 5 kPa ~ 25 kPa, internal friction angle φ = 16° ~ 24°,the
tunnel inclination angle α = 0° ~ 6°, the soil heterogeneity
coefficient ρ = 0 kPa/m ~ 0:5 kPa/m, and the pore water
pressure coefficient ru = 0 ~ 0:4.

5.2.1. Influence of Soil Heterogeneity. Figure 2 reflects the
effect of soil heterogeneity on the supporting pressure of
excavation face. Overall, as the soil heterogeneity coefficient
ρ increases, the supporting pressure σT gradually decreases.
Because while the buried depth remains constantly, the
increase of the soil heterogeneity coefficient ρ causes the
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Figure 2: Influence of soil heterogeneity on the supporting pressure: (a) tunnel inclination angle α; (b) initial cohesion c0; (c) buried depth h;
and (d) internal friction angle φ.
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increase of soil cohesion, and the stability of soil is increased
accordingly.

In Figure 2(a), the three curves are very close and almost
coincide. When the soil heterogeneity coefficient ρ = 0:5
kPa/m, the tunnel inclination angle α is 0°, 3°, and 6°, and
the supporting pressures corresponding to 131.6 kPa,

131.2 kPa, 130.8 kPa, and the error is 0.4 kPa and 0.4 kPa,
respectively. It indicates that a small adjustment in the tun-
nel inclination angle α has a relatively limited influence on
the excavation face support. In Figure 2(b), the supporting
pressure σT displays a diminishing trend as the initial cohe-
sive c0 increases. When the soil heterogeneity coefficient ρ
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Figure 3: Influence of pore water pressure on the supporting pressure: (a) tunnel inclination angle α; (b) buried depth h; (c) initial cohesion
c0; and (d) internal friction angle φ.
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= 0:5 kPa/m, the initial cohesion c0 increases from 5kPa to
20 kPa, and the relative error is 31.6%. It indicates that the
initial cohesive has a greater effect on the supporting pres-
sure on the inclined tunnel excavation face. The initial cohe-
sive be greater, the supporting pressure that must be
supplied to the excavation face be smaller. In Figure 2(c),
as the buried depth h gradually increases, the excavation face
supporting pressure σT increases accordingly. When the soil
heterogeneity coefficient ρ = 0:3 kPa/m, the buried depth h
increases from 20m to 40m, and the supporting pressure

σT increases from 144.1 kPa to 239.8 kPa, a growth rate of
66.4%. This reflects how pore water pressure affects support-
ing pressure. As buried depth h increases, the cohesive and
pore water pressure of the soil increases. While the cohesive
increases, the supporting pressure should decrease (see
Figure 2(b)), but the supporting pressure increases. It shows
that pore water pressure has an obvious increase impact on
support pressure. In Figure 2(d), when the soil heterogeneity
coefficient is not considered (ρ = 0), the internal friction
angle φ = 16° increases to φ = 24°, the supporting pressure
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Figure 4: Influence of parameters on the position of failure surface: (a) tunnel inclination angle α; (b) internal friction angle φ; (c) coefficient
of soil heterogeneity ρ; and (d) pore water pressure coefficient ru.
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decreases from 169.6 kPa to 150.4 kPa, and the relative error
is 11.3%. When considering the soil heterogeneity coefficient
(ρ = 0:5 kPa/m), the internal friction angle φ = 16° increases
to φ = 24°, while the supporting pressure decreases from
133.3 kPa to 124.8 kPa, and the relative error is 6.4%. It indi-
cates that the increase of the friction angle φ in the soil has a
reduced effect on supporting pressure, which is mainly man-
ifested when the soil heterogeneity is weak.

5.2.2. Pore Water Pressure Impact. In Figure 3 as the pore
water pressure coefficient ru gradually increases, the sup-
porting pressure σT tends to increase. It indicates that pore
water has a considerable impact on the supporting pressure
required for the inclined tunnel excavation face. To guaran-
tee the excavated face stability, the supporting pressure on
excavation face must be strengthened.

Figure 3(a) shows that several curves almost overlap. It
shows that under the action of pore water, the tunnel incli-
nation α has a limited influence on the supporting pressure
σT . In Figure 3(b), the supporting pressure σT decreases
with the increase of the initial cohesive c0. When initial
cohesive c0 increases from 5 kPa to 20 kPa (ru = 0:4), the
supporting pressure σT relative error is 21.6%, and the initial
cohesion c0 influences the supporting pressure σT signifi-
cantly. In Figure 3(c), when the pore water pressure coeffi-
cient ru is small, as the buried depth h increases, the
supporting pressure σT gradually decreases. While the pore
water pressure coefficient ru increases in time, the support-

ing pressure σT increases in tandem with the buried depth
h. Because as buried depth h increases, the soil heterogeneity
causes the increase in the cohesive c to reduce the supporting
pressure σT , while the pore water pressure increases caused
the supporting pressure σT increases. Following these, when
the pore water pressure coefficient ru is between 0.01 and
0.02, the effect of the heterogeneity coefficient and the pore
water pressure coefficient on the support pressure is similar.
When the pore water pressure coefficient ru is less than 0.01,
the effect of soil heterogeneity on the reduction of the sup-
port pressure is dominant, while as the pore water pressure
coefficient ru increases to greater than 0.02, the pore water
pressure on the support pressure increases gradually and
becomes dominant. When considering pore water pressure
coefficient (ru = 0:4), the internal friction angle φ increases
from 16° to 24°, and the corresponding supporting pressure
σT decreases from 202.4 kPa to 188.0 kPa, with a relative
error of 7.1%. It demonstrates that the smaller the pore
water pressure coefficient, the more obvious the reduction
effect of the soil friction angle φ on the supporting pressure.

5.2.3. Failure Surface. Figures 4 and 5 depicts the influence of
related parameters on the inclined tunnel failure surface. In
Figure 4(a), as the tunnel inclination α increases, the failure
surface moves in the direction of excavation and the failure
height decreases. In Figure 4(b), as the internal friction angle
φ increases, the failure range diminishes, the location of the
failure surface approaches the hole, and the failure height
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decreases. In Figure 4(c), as the soil heterogeneity coefficient
ρ increases, the failure range does not change much, the
location of the failure surface develops toward the excava-
tion direction, and the failure height decreases slightly. In
Figure 4(d), as the pore water pressure coefficient ru
increases, the failure range decreases, the location of the fail-
ure surface gradually approaches the cave, and the failure
height decreases. It can be shown that the internal friction
angle φ, tunnel inclination angle α, and pore water pressure
coefficient ru have greater effect on the failure surface except
the soil heterogeneity coefficient ρ.

5.2.4. Supporting Pressure at the Top, Middle, and Bottom of
the Excavation Face in the Shallow Buried Section. The above
results assume that the inclined tunnel is in the deep buried
section, and the supporting pressure applied at the top, mid-
dle, and bottom of the excavation face is in a uniformly dis-
tributed form, that is, σA = σM = σB. However, the
supporting pressure of the three parts in the shallow buried
section is different, so the division of the boundary between
deep buried and shallow buried is particularly important.

Assuming that the surrounding rock grade is VI, the
diameter of the inclined tunnel is d = 8m, and the shallow
tunnel boundary HP = 37:4m ~ 46:8m is calculated via the
“Code for Design of Railway Tunnels” (TB 10003-2016)
[31]. Regardless of soil heterogeneity and pore water influ-
ence (ρ = 0 and ru = 0), using the method in the work, the
relative error of three parts of the inclined tunnel excavation
face can be obtained as a rule of the buried depth h. In
Figure 6, the relative error between the three supporting
pressures shows a decreasing trend as the buried depth h
increases. If the relative error of Δ = 10% is regarded as no
difference, that is, three supporting pressures are equal, then,
the shallow tunnel boundary HP = 35m ~ 40m can be
obtained. Therefore, the results of this work are in good
accord with the normative results, which confirms the valid-
ity of the results of this work.

On the basis of the above research, considering the soil
heterogeneity and the influence of pore water
(ρ = 0:1 kPa/m and ru = 0:3), the shallow tunnel boundary
is obtained, as shown in Table 2. If the relative error of the
supporting pressure is Δ = 10% is the allowable error, then,
the shallow tunnel boundary HP = 20m ~ 30m. While it
does not consider the soil heterogeneity and pore water
(ρ = 0 and ru = 0), the shallow tunnel boundary change is
-15m~ -10m. Depending on Δ = 8%as the allowable error,
then, the boundary of the shallow tunnel HP = 35m ~ 40m
, contrast Δ = 10%, and the limit of the shallow tunnel
changes 10m~ 15m. Depending on Δ = 6% is the allowable
error, then the boundary of shallow tunnel HP = 50m ~ 60
m, and contrast Δ = 8%, the boundary change of the shallow
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Figure 6: Variation laws of the relative error of different parts supporting pressure: (a) φ = 16°, c = 15 kPa; (b) φ = 18°, c = 10 kPa; and (c)
φ = 20°, c = 5 kPa.

Table 2: Boundary depth of shallow tunnels under the influence of
soil heterogeneity and pore water.

Allowable error Δ
10% 8% 6%

φ = 16°, c0 = 15 kPa 25m~ 30m 35m~ 40m 55m~ 60m
φ = 18°, c0 = 10 kPa 25m~ 30m 35m~ 40m 50m~ 55m
φ = 20°, c0 = 5 kPa 20m~25m 35m~ 40m 50m~ 55m

12 Geofluids



20 25 30 35

140

160

180

200

220

240

260

280

σ T
 (k

Pa
)

𝜎A
𝜎M
𝜎B

d = 8 m

ru = 0.3
ρ = 0.1 kPa/m

c0 = 10 kPa

γ = 20 kN/m3

φ = 18°

h (m)

(a)

20 25 30 35

140

160

180

200

220

240

260

280

300

σ T
 (k

Pa
)

𝜎A
𝜎M
𝜎B

h (m)

d = 8 m

ru = 0.3
ρ = 0.1 kPa/m

c0 = 10 kPa

γ = 20 kN/m3

φ = 18°

(b)

20 25 30 35
160

180

200

220

240

260

280

300

𝜑 = 20
c0 = 5 kPa

𝜌 = 0.1 kPa/m
ru = 0.3
d = 8 m
𝛾 = 20 kN/m3

σA
σM
σB

σ
T 

(k
Pa

)

h (m)

(c)

Figure 7: Change rules of different parts supporting pressure with the buried depth h considering the effect of soil heterogeneity and pore
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Table 3: Stratum parameters.

Soil layer Unit weight/(kN/m3) Cohesion/kPa Internal friction angle/(°) Layer thickness/m

①Artificial fill 17.3 12 28 1.4

②Silty soil 18.5 6.0 18 7.6

③Alluvial strata 19.5 0.8 18 6.0

④Strongly weathered mudstone 21.6 200 24 23.0

13Geofluids



tunnel is 15m~ 20m. It can be seen that soil heterogeneity
and pore water pressure have a substantial effect on the
boundary of shallow tunnels, and the results of this work
supplement the specification.

In addition, the supporting pressure that needs to be
applied to the top, middle, and bottom of the shallow tunnel
excavation face is given. In Figure 7, as the buried depth h
increases, the supporting pressure σT of the three parts also
increases accordingly, and the required supporting pressure
at the bottom is the largest, followed by the middle, and
the smallest at the top, that is, σB > σM > σA. It indicates that
in the shallow buried section, the supporting pressure
required from the top to the bottom of the inclined tunnel
excavation face gradually increases. It is suggested that the
required supporting pressure on three different parts should
be reasonably applied in the actual process to prevent the
tunneling direction from deviating from the design axis.

6. Application of Results

A collapse accident occurred on line 3 of a subway. The
diameter of the shield tunnel is d = 6:0m, the buried depth
is h = 12m, and the tunnel inclination angle is α = 0. The
strata that the tunnel passes through are mainly alluvial
layers and strongly weathered mudstone. The physical and
mechanical properties of the soil layers in this area are
shown in Table 3 after site survey. After conversion, the unit
weight of rock and soil masses is γ = 19:3kN/m3, internal
friction angle is φ = 19:8°, initial cohesion of soil is c0 = 12
kPa, heterogeneity coefficient is ρ = −0:65 kPa/m, and pore
water pressure coefficient is ru = 0:51. The surrounding rock
pressure was solved via this method, and it was compared
with the existing result and on-site measured result as shown
in Table 4. In Table 4, the minimum value from this work is
37.6 kPa, without considering the effect of pore water pres-
sure. The minimum field monitoring value (as no pore water
situation) is 38 kPa, with a relative error of 1%. Similarly,
when considering the groundwater, the maximum value is
161.9 kPa and 174 kPa, respectively, and the relative error
is 7.0%. The above shows that the result from this work is
in good agreement with the actual monitoring value, which
verifies the applicability of this method.

7. Conclusions

(1) There are two effects in the tunneling process of
shield inclined tunnels. One is as the buried depth
increases, the soil heterogeneity enhances the cohe-
sive which reduces the supporting pressure. Another
is that the increase of the buried depth also causes
the pore water pressure to intensify, leading to an

augmenting effect on the supporting pressure. Fol-
lowing these when the buried depth is small, the
effect of soil heterogeneity on the reduction of the
supporting pressure dominates. However, when the
buried depth gradually increases, the augmenting
effect of pore water pressure on the supporting pres-
sure gradually dominates

(2) Soil heterogeneity, initial cohesion, and soil hetero-
geneity coefficient have substantial influence on the
required supporting pressure on the excavation face.
But it has little effect on the position of the potential
failure surface in front of the excavation. Compared
the initial cohesion c0 =5 kPa and 20 kPa
(ρ = 0:5 kPa/m), the relative error of the supporting
pressure can reach 31.6%. The pore water pressure
and the soil friction angle have a significant effect
on the required supporting pressure on the excava-
tion face. And as the pore water pressure and the soil
friction angle increase, the potential failure surfaces
are all approach to the cave, and the failure range
gradually decreases. Compared the pore water pres-
sure coefficient ru = 0 and 0.4 (φ = 18°), the relative
error of the supporting pressure can reach 464.1%.
Comparing the internal friction angle φ = 16° and
24° (ru = 0), the relative error of the supporting pres-
sure can reach 50.4%. In addition, the small increase
of the tunnel inclination has little effect on the
required supporting pressure on the excavation face.
But, the location of its potential failure surface
expands in the direction of excavation

(3) Without considering the influence of soil heteroge-
neity and pore water (ρ = 0 and ru = 0), the shallow
tunnel boundary HP = 37:4m ~ 46:8m is calculated
according to the specification. The shallow tunnel
boundary HP = 35m ~ 40m under the condition of
allowable error Δ = 10% is obtained by the method
in this work. The results of this work are similarity
to the normative results, which verifies the validity
of the results of this work. In addition, considering
the soil heterogeneity and the influence of pore water
(ρ = 0:1 kPa/m and ru = 0:3), according to the allow-
able error Δ =10%, 8%, and 6%, the boundary of the
shallow tunnel is HP =20m~ 30m, 35m~ 40m, and
50m~ 60m, respectively. It can be seen that the soil
heterogeneity and the pore water effect significantly
affect the boundary of the shallow tunnel
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Table 4: Comparison of results.

Monitoring value [32] This work
Minimum
value/kPa

Maximum
value/kPa

Minimum
value/kPa

Maximum
value/kPa

38 174 37.6 161.9
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Dispersive soil is a special clay that is easy to disintegrate and disperse into particles and suspend in water, which can easily cause
erosion and piping damage of dams, grooves, and road slopes. In this study, a new dispersive clay modifier hydroxyl aluminum (a
positively charged aluminum hydroxide electrolyte) was proposed. Previous studies have shown that it can well coat
montmorillonite in clay and combine with it to stabilize the properties of clay. The modification effect and interaction
mechanism of hydroxyl aluminum on dispersive soil were studied through indoor dispersion discrimination, physical and
mechanical, and micro mechanism tests (SEM and XRD). The experimental results indicate the following: With the increase of
hydroxyl aluminum content, the dispersion of dispersed soil decreases and becomes nondispersive soil. Hydroxyl aluminum
has an excellent inhibiting dispersion effect on dispersive soil, and it has the “agglomeration” and “cementation” effect on the
dispersive soil particles. The addition of hydroxyl aluminum makes the dispersive soil agglomerated crystals arranged closely,
and the number of pores between the particles reduces clearly, making the dispersed particles agglomerated. It can also reduce
the alkalinity of the clay and make the clay structure more stable to restrain the dispersion of clay.

1. Introduction

Certain fine-grained soils are structurally unstable, with ease
of dispersion, and therefore highly erodible. Soils in which
the clay particles will detach spontaneously and go into sus-
pension in quiet water are termed dispersive soils. Dispersive
soil has existed in various climates in America, Mexico, Bra-
zil, Australia, New Zealand, Spain, Greece, China, Iran,
Malaysia, South Africa, etc. In China, dispersive soil is found
in 16 provinces. Dispersion and easy erosion characteristics
of dispersive soil cause serious erosion and piping failure
for many engineering structures like dams, canal slopes,
and road slopes [1, 2]: piping incidents of Grenada dam in
Mississippi in 1949, the piping event of LAN Sulai dam in
Thailand, dam failure event of Ling Luo reservoir in Hainan
Province, and dam failure event of Heilongjiang diversion
project in China.

It is complicated by the erosion effect on dispersive soil.
It directly relates to the dispersion mechanism of dispersive
soil and the electrochemical properties on the soil particle

surface [3] [4], It has a high content of exchangeable sodium
ions in dispersive soil, and montmorillonite is involved in
the clay, which are essential affecting factors of its dispersion
[5]. The surface of Na-montmorillonite in dispersive soil is
liable to form a double electrical layer, which weakens the
connection between mineral layers and the relationship
between lamellar particles. It promotes large water entry
freely. Then, the repulsion force between soil particles
changes to be more significant than the attraction force,
gradually resulting in the disintegration and shedding of
the soil surface [6]. Some researchers developed that the
relationships between the increment of the negative charge
on the particle surface and pH value, pH value, and disper-
sion degree of the dispersive soil are all positive correla-
tions [7].

Solving the dispersion problem of dispersive soil can
reduce or eliminate related engineering accidents. To this
end, aiming at the dispersion characteristics of dispersive
soil in actual engineering, chemical stabilizers such as lime,
cement, alum, and fly ash are added to dispersive soil.
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Employing these manners, the dispersion of the dispersive
soil reduces effectively, and the dispersive soil changes into
nondispersive soil. In recent years, some experts have
attempted to investigate new modifiers to treat dispersive
soil in the laboratory, such as magnesium chloride [8, 9], slag
[2], and ZELIAC (consists of zeolite, activated carbon, lime-
stone, rice husk ash, and Portland cement) [10]. Some other
experts also put forward new analysis methods for soil sta-
bility [11, 12].

Hydroxyl aluminum is a general term for the hydroly-
zate produced after aluminum ions in the Al (III) solution
hydrolysis equilibrium. Due to the abundance of the alumi-
num element, the large size, and the multichange of polyhy-
droxy aluminum ions, the hydroxyl aluminum system
attracts researchers to explore its applications in specific

Table 1: Physical and chemical properties of dispersive soil.

Project Numerical value

Proportion 2.69

Natural moisture content/(%) 30.0

Particle composition/(%)

Sand >0.075mm 6.7

Silt 0.075~0.005mm 49.8

Clay particle <0.005mm 43.5

Liquid limit (ωL/%) 52.8

Plastic limit (ωP/%) 20.5

Plasticity index (IP) 32.3

Compaction parameters
Maximum dry density

ρdmax/(g·cm-3)
1.62

Optimum moisture content (ωop/%) 21.8

Salt content/(g·kg-1)

Soluble salts 2.84

Medium soluble salt 0.38

Insoluble salt 50.60

Organic matter 3.79

pH 9.25

A1C13Constant temperature water bath

Condensate water

Reaction kettle

Electric blender

NaOH

Figure 1: Device diagram and schematic diagram of the preparation of hydroxyl aluminum solution.

Figure 2: FDJ-20 direct shear apparatus.
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fields. Several experts have studied the interaction between
hydroxyl aluminum and montmorillonite. Hydroxyl alumi-
num can significantly reduce the exchange capacity for the
cation of montmorillonite [13]. The cross-linking of
hydroxyl aluminum with montmorillonite can form a more
stable soil [14]. Clay minerals pillared by hydroxyl alumi-
num can change the cation exchange capacity in clay min-
erals, significantly increase interlayer attraction, and make
it more significant than interlayer repulsion [15]. In addi-
tion, hydroxyl aluminum has a positive effect on clay consol-
idation that can reduce the surface acidity of
montmorillonite [16]. Sludge was significantly acidified after
the addition of hydroxyl aluminum. After the sludge flocs
were conditioned with hydroxyl aluminum, the floc struc-
ture of the sludge was denser and more compact [17].

As experts ([5–7] said, the dispersion of dispersive soil is
related to the presence of sodium montmorillonite and the
acidity and alkalinity of the medium in the dispersive soil.
Current studies have shown the advantages of hydroxyl alu-
minum in stabilizing soil properties and improving soil acid-
ity, providing us with a research direction for effectively
inhibiting the dispersion of dispersive soil. Traditional mod-
ification methods have achieved practical application effects
in current engineering applications. However, there are
some problems with the economy and timeliness of these
traditional modifiers: choose the traditional modifier. It
needs to excavate the subgrade filler and transport it to a
specialized site. The modifiers are mixed into the subgrade
filler to make it well-mixed and then transported to the engi-
neering site for filling, which takes a lot of time, transporta-
tion, and labor costs. Once the hydroxyl aluminum is used as
the modifier to realize engineering application, it can be pre-
pared on a large scale. The hydroxyl aluminum can be

sprayed directly on the subgrade surface filled in layers.
The effect of modifying the subgrade filler can be achieved
through an electrochemical reaction, which can save a lot
of time and labor costs and make it more economical and
environmental. Thus, in this paper, laboratory tests will be
done to verify the inhibiting effect of hydroxyl aluminum
on the dispersion of dispersive soil. The dispersive soil will
be modified by hydroxyl aluminum. The laboratory tests of
the modified soil samples will be done, including pH value,
dispersion, limiting water content, permeability coefficient,
cohesion, internal friction angle, shear strength, SEM, and
XRD. The dispersibility, strength, and microstructure of dis-
persive soil with different content of hydroxyl aluminum are
studied, which will provide theoretical and technical support
for the engineering application of the new modifier hydroxyl
aluminum.

2. Materials and Methods

2.1. Soil Samples. The soil samples are typical dispersive soil
from a homogeneous dam in Northeast China and have
been confirmed as dispersive soil in advance. Table 1 pre-
sents some engineering and chemical properties of disper-
sive soil measured in this study. According to the test
results, the soil samples are divided into high plastic clay
(CH). The pH value of the soil sample is 9.25, showing an
alkaline state, which is a typical feature of dispersive soil.

2.2. Dispersive Soil Modifier.Hydroxyl aluminum (AlðOHÞ+2 )
is a general term for the hydrolysates of aluminum ions in Al
(III) solution after reaching the hydrolysis equilibrium. It is
rich in aluminum elements, large-scale polymerized
hydroxyl aluminum ions, and multi charges. Hydroxyl alu-
minum enters the interlayer of montmorillonite through
ion exchange, occupies the position of the exchangeable ions
(Na+), and improves the interlayer water rationality of
montmorillonite. Hydroxyl aluminum has a significant pos-
itive charge, which can enhance clay’s physical and chemical
properties by neutralization reaction with clay particles
(negative control) [18]. In addition, hydroxyl aluminum
has also been proved to change soil’s hydrophilicity and
strength properties through physical and chemical reactions
such as ion exchange, coating, and bonding with montmoril-
lonite [19], significantly improving the physical properties
and strength index of montmorillonite.

Different content of hydroxyl aluminum was selected to
modify the dispersive soil, and the results were compared to
verify the modification effect of hydroxyl aluminum. The
main preparation methods of hydroxyl aluminum are as fol-
lows: adjust the ambient laboratory temperature to room
temperature (20°C), add 40ml with the concentration of
0.5mol/l AlCl3 solution into the glass reactor with an electric
mixer, and reflux the condenser (Figures 1 and 2). The glass
reactor is heated to the required temperature (80°C) using
cauldron thermostat water bath.

50ml NaOH solution with a concentration of 1.0mol/l
was added to the reactor through a buret at a specific drop-
ping rate and mixed around intensely with a speed of 250 r/
min. After the NaOH solution titration is finished, add

Figure 3: Soil samples of the test.

Figure 4: NOVA-1000 high-speed specific surface area and
aperture analyzer.
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110ml distilled water through the buret, continue stirring
the mixed solution for 20min, and take samples after the
hydroxyl aluminum solution turns to clear from turbidity,
and leave the hydroxyl aluminum sample for one week.

The primary chemical reaction formula for the prepara-
tion of hydroxyl aluminum is shown in Formula (1). The
device diagram and schematic diagram of the preparation
of hydroxyl aluminum solution are shown in Figure 1.

Al3+ + 2OH‐ ⟶ Al OHð Þ+2 ð1Þ

2.3. Soil Sample Preparation. In air-dry soil sample before
the experiments, add different dispersant inhibitors: the
hydroxyl aluminum solution with varying ratios of bauxite
(0.08mmol/g, 0.1mmol/g, 0.2mmol/g, and 0.4mmol/g)
mixed in the sample. The mixing samples are cured at room
temperature for one week.

2.4. Main Test Items of Hydroxyl Aluminum Modified
Dispersive Soil. Dispersion Discrimination Test: following
the attainment of equilibrium and hydroxyl aluminum to
these samples, based on the pinhole and crumb test methods
given in ASTM d4647-93 and ASTM d421-99, the dispersi-
bility of soil samples before and after modification was
tested. And the modification effect with different modifiers
was discussed. Other laboratory tests of the modified soil
samples were done, including pH value, permeability coeffi-
cient, cohesion, internal friction angle, shear strength, SEM,
and XRD. The dispersibility, strength, and microstructure of
dispersive soil with different modifier content of hydroxyl
aluminum were studied.

Shear Strength Test: the instrument used in the shear
strength test is the FDJ-20 direct shear apparatus, as shown
in Figure 2. The test soil sample is made of φ 61:8mm × 20
mm (Figure 3). Each soil sample was sheared under differ-
ent vertical pressures (100 kPa, 200 kPa, 300 kPa, and
400 kPa, respectively). The controlled shear rate is
0.08mm/min, and the shear time is 10min. The horizontal
shear stress is applied to make the soil sample shear fail.
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Figure 6: The curve of soil sample pH change with hydroxyl
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Figure 7: Variation of soil specific gravity with hydroxyl aluminum
content.

Table 2: Physical and chemical properties of the soil before and after modification with aluminum compounds.

Hydroxyl aluminum content/(mmol·g-1) The specific gravity of soil particle
Particle composition/(%)

pHSand
0.075mm

Silt
0.075~0.005mm

Clay particle
<0.005mm

0 2.69 6.7 49.8 43.5 9.25

0.08 2.44 4.5 63.1 32.4 8.50

0.10 2.48 4.1 62.6 33.3 8.36

0.20 2.43 3.8 65.8 30.4 8.28

0.40 2.37 10.2 63.8 26.0 8.04

0.00 mmol/g
0.08 mmol/g
0.1 mmol/g

0.2 mmol/g
0.4 mmol/g

0.0010.0100.100
0
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Figure 5: The curve of particle analysis under different hydroxyl
aluminum contents.
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During the test, the unsaturated characteristics of the soil are
not considered, and no air pressure is applied.

X-Ray Diffraction Test: the D8 advanced X-ray diffrac-
tometer of Bruker Company in Germany was used for X-
ray diffraction analysis. X-ray diffraction tests were carried
out on the samples before and after modification to study
the changes in the phase composition of dispersive soil and
crystal plane spacing of clay minerals before and after the
modification of hydroxyl aluminum.

Specific Surface Area Test: according to BTE theory, all
samples were analyzed using the N2 adsorption method on
NOVA-1000 high-speed specific surface area and pore size
analyzer of Quantan Chrome Company in the United States

(in Figure 4). Working conditions are as follows: sample
weight 100~500mg, adsorbate N2 (>99.99%), carrier gas
N2 (>99.99%), vacuum for 1.5 h, N2 adsorption temperature
77K, and desorption temperature 393.15 k. Under these
conditions, take the relative pressure as the abscissa and
the adsorption capacity per unit sample mass as the ordi-
nate, and draw the nitrogen adsorption isotherm and
desorption isotherm. The specific surface area is calculated
by the BET method, and the pore diameter is analyzed by
the BJH method [20]. The T-method method obtained the
micropore-specific surface area, mesopore (mesopore) spe-
cific surface area, and micropore volume. The specific sur-
face area, particle size, pore size, and pore volume of the

(a) 0mmol/g (b) 0.08mmol/g (c) 0.1 mmol/g

(d) 0.2 mmol/g (e) 0.4 mmol/g

Figure 8: Pinhole test before and after modification with different dosages of hydroxyl aluminum.
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modified dispersive soil were obtained by studying the spe-
cific surface area of the dispersive soil modified with differ-
ent amounts of hydroxyl aluminum.

3. Test Results and Analysis

3.1. Physical and Chemical Properties of the Dispersive Soil.
Dispersive soil always contains predominantly expansive

lattice-type minerals such as montmorillonite. The treat-
ment of aluminum hydroxide to dispersive soil is mainly
with montmorillonite. In sensitive clay, the treatment effect
of aluminum hydroxide in laboratory and outdoor in situ
is better than that of hydrated lime [21]. Hydroxyl alumi-
num has a significant positive charge, improving clay’s phys-
ical and chemical properties by neutralizing the reaction
with clay particles with a negative charge and coating

(a) 0mmol/g (b) 0.08mmol/g

(c) 0.1 mmol/g (d) 0.2 mmol/g

(e) 0.4 mmol/g

Figure 9: crumb test before and after modification with different dosages of hydroxyl aluminum.

Table 3: Dispersion identification results of the soil before and after hydroxy aluminum modification.

Al/soil ratio/(mmol·g-
1)

Pinhole test Crumb test
Comprehensive

judgment
Water head/

(mm)
Time/
(min)

Final aperture/
(mm)

Water Soil sample

0 50 5 ≥6 Muddy Disintegration Dispersive soil

0.08 50 5 ≥3 Muddy Disintegration Dispersive soil

0.10 50 5 ≥2 Little
muddy

Partial
disintegration

Dispersive soil

0.20 50 5 ≥1.5 Little
muddy

Disintegration Transition soil

0.40 50 5 1 Clear Disintegration Nondispersive soil

Criteria for dispersion: Double hydrometer test: nondispersive soil: dispersion <30%; transition soil: 50%~50%; and dispersive soil: the dispersity is greater
than 50%. Pinhole test: nondispersive soil: under the water head - 1020mm, the water is transparent and the final hole diameter is less than 1.5 mm;
transition soil: under 50mm water head, the outlet water is slightly turbid and the final aperture is less than 1.5 mm or under 380mm water head, the
outlet water is more transparent and the final aperture is greater than 1.5 mm; and dispersive soil: under the water head of 50mm, the outlet water is
turbid and the final pore diameter is greater than 1.5 mm. Fragment test: nondispersive soil: there is no reaction of dispersing colloidal particles. After
hydrolysis, the soil blocks are stacked horizontally in the form of fine particles at the bottom of the measuring cup. The watercolor is clear or becomes
clear soon after being slightly turbid; transition soil: there is a small amount of muddy water around the soil block after hydrolysis, but the diffusion range
is small; and dispersive soil: after hydrolysis, the upper block is turbid and the soil quickly diffuses to the bottom of the whole measuring cup. The water
is foggy and unclear for a long time.
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adsorption [18]. Hydroxyl aluminum has also been proved
to change soil’s hydrophilicity and strength characteristics
through ion exchange, coating, bonding, and other physical
and chemical reactions with montmorillonite, significantly
improving the physical properties and strength index of
montmorillonite.

Based on the research team’s previous micro experimen-
tal research results on hydroxyl aluminum-modified soil
[22], different hydroxyl aluminum agent contents
(0.08mmol/g, 0.1mmol/g, 0.2mmol/g, and 0.4mmol/g) are
selected to be added into the dispersive soil. After modifica-
tion by hydroxyl aluminum, specific gravity, particle analy-
sis, pH test, and some other tests are carried out for the
dispersive soil samples. The changes in the physical and
mechanical properties of the soil samples are verified. The
test results are shown in Table 2, which ululates that the
physical and mechanical properties of the dispersive soil
have some changes after modification.

The test results show that with the increase of hydroxyl
aluminum content, the proportion and the clay content of
the modified soil decrease, the silt content increases, and
the alkaline weakens. After modification, the particle size
increases (Figure 5), the specific surface area decreases, and
the particles gather to form a more compact structure.
Hydroxyl aluminum has the “agglomeration” and “cementa-
tion” effect on the dispersive soil particles, improving the
dispersive soil’s dispersion characteristics.

Dispersive soil is a high sodium soil formed by the sec-
ondary accumulation of weathering products due to evapo-
ration. The pH value of the medium where the dispersive
soil located is positively correlated with the degree of disper-
sion. The increment of negative charge on the particle sur-
face is also positively correlated with the pH value [7]. The
changing trend of pH value with the increase of hydroxyl
aluminum content of the soil sample is shown in Figure 6.
The result indicates that the pH of hydroxyl aluminum-
modified soil decreases with hydroxyl aluminum content.
The soil sample changes from strong alkali to weak alkali
and even neutral with increasing hydroxyl aluminum con-
tent. It can be seen that the addition of hydroxyl aluminum

changes the medium environment of the soil sample and
increases the acidity of the soil sample.

Figure 7 shows the variation of soil-specific gravity with
hydroxyl aluminum content. The range of soil-specific grav-
ity is limited, generally between 2.6 and 2.8. After modifying
hydroxyl aluminum, the ratio of aluminum to soil increases
gradually, and the specific weight of soil particles decreases
with the increase of the ratio of hydroxyl aluminum. The
particular gravity value reduction range was 7.1%-16.5%,
strengthening the connection between soil particles, the pro-
portion of clay particles decreases, and the ratio of silt and
sand increases. With the increase of large particle size, the
particle weight per unit volume of the soil will be reduced
accordingly, and the specific gravity of the soil becomes
smaller.

3.2. Dispersion Change of Soil Sample Modification. Tech-
niques are commonly used, such as the pinhole test, crumb
test, and double hydrometer test. These tests may yield dif-
ferent results for the same soil samples; hence, multiple tests
should be used to determine the dispersion of the soil [23,
24].

The results of the dispersion discrimination test of the
soil samples with the modification of hydroxyl aluminum
are shown in Figures 8 and 9. The results of the dispersion
discrimination are shown in Table 3.

Pinhole Test: as the content of hydroxyl aluminum is
0.08mmol/g, the pinhole diameter decreases, and the water
flowing out from the pinhole is turbid; with the content of
hydroxyl aluminum increasing, the pinhole diameter has a
significant decreasing trend, and the turbidity degree of
water flow out of the pinhole also decreases. When the con-
tent of hydroxyl aluminum is 0.4mmol/g, the pinhole diam-
eter hardly changes, and the water flow is bright.

Crumb Test: with the increase of hydroxyl aluminum
content, all soil samples disintegrated to different degrees,
but there was no turbidity in the beaker.

Double Hydrometer Test: with the increase of hydroxyl
aluminum content, the dispersity of the soil sample
decreases gradually. As the hydroxyl aluminum content is
0.08mmol/g, the soil becomes transitional. As the hydroxyl
aluminum content is 0.4mmol/g, the soil turns into nondis-
persive soil. Hydroxyl aluminum also has a significant
improvement effect on dispersive soil.

The dispersion discrimination test of hydroxyl
aluminum-modified soil showed that the dispersion of soil
samples had been restrained by different content of hydroxyl
aluminum. With the increasing amount of modifiers, the
diffusion of soil sample weakens clearly. The comprehensive
test results showed that as the content of aluminum reaches
0.2-0.4mmol/g, it has been dramatically suppressed because
of the dispersion of the soil samples. Hydroxyl aluminum
can bring about a good effect of restraining dispersion.

3.3. Shear Strength Changes of the Soil Samples. The adhesive
force, internal friction angle, and the shear strength of the
soil samples in different modifiers’ content conditions are
shown in Figure 10. It can be seen that the cohesion of the
soil sample with different modifier content is all having an
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Figure 10: The adhesive force and internal friction angle change
with aluminum compound content of modification clay sample.
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apparent downward trend, and the internal friction angle of
the modification soil samples has a slight increase with the
increase of the modifier content. Still, the increasing extent
is smaller than that of cohesion. The increase of internal fric-
tion angle indicates that the particles can be occluded and
inlaid, form some new large particle, and then increases
the internal friction angle. However, the decrease of cohe-
sion shows that aluminum’s physical and chemical reactions
include hydroxyl aluminum solution entering into the parti-
cles with negative electricity, such as agglomeration and
coating, which change the particle size distribution of the

soil sample. As the clay particles in the soil sample achieve
mutual adhesion, the content of clay particles in the soil
sample is reduced, and the cohesion of the modified soil is
reduced.

Figures 11 and 12 show the stress-strain curves of
hydroxyl aluminum-modified soil under different vertical
pressures. The stress-strain curves of soil are stress harden-
ing with the load increasing. Under the same load condition,
the shear strength of soil has no noticeable linear change
with the increase of hydroxyl aluminum content. When
the vertical load is 100 kPa, the stress-strain curve of the soil
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Figure 11: Stress-strain curve of hydroxyl aluminum-modified soil.
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Figure 12: Shear strength changes of the modification clay sample.

Table 4: Variations of the crystal face space of montmorillonite (D001).

Hydroxyl aluminum content/(mmol·g-1) 0 0.08 0.1 0.2 0.4

Distance between crystal faces of montmorillonite d001/(Å) 14.21 14.79 14.504 14.327 15.41
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before modification is strain hardening type, and there is no
obvious peak value of the stress-strain curve. After adding
hydroxyl aluminum solution, the stress-strain curve of the
modified soil increases rapidly with the increase of strain.
When the stress peak value is reached, the stress decreases
with the increase of shear displacement, and there is a prom-
inent peak value characterized by strain softening. As the
shear strength is significant (300 kPa and 400 kPa), the shear
strength of the modified soil with 0.4mmol/g hydroxyl alu-
minum content is significantly higher than that of the mod-
ified soil with other contents.
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Figure 13: X-Ray diffraction pattern of soil samples with different contents of hydroxyl aluminum.

Table 5: Changes of specific surface area and pore size of hydroxyl
aluminum-modified soil.

Hydroxyl
aluminum content/
(mmol·g-1)

Specific
surface area/
(m2·g-1)

Cumulative
pore volume/
(cm3·g-1)

Average
aperture/
(nm)

0 53.002 0.07089 2.6750

0.08 48.876 0.06808 2.7858

0.1 46.241 0.06083 2.7309

0.2 46.441 0.06376 2.7460

0.4 46.084 0.05892 2.8573
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4. Microscopic Changes of Hydroxyl
Aluminum-Modified Soil

4.1. X-Ray Diffraction Test. Variations of the crystal face
space of montmorillonite are listed in Table 4. As shown
in Figure 13, montmorillonite is the main clay mineral com-

position, while the nonclay mineral composition is quartz,
calcite, and feldspar. In the main clay mineral in the soil,
the crystal surface spacing of montmorillonite increases with
the content of hydroxyl aluminum increasing, which indi-
cates that after the interaction of hydroxyl aluminum and
soil samples, aluminum ions enter the interlayer of the soil
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Figure 14: N2 adsorption-desorption isotherms with different amounts of hydroxyl aluminum.
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and replace the interlayer water, reducing the amount of
water absorbed by the soil, to reduce its hydrophobicity.

The diffraction pattern is the same before and after the
interaction of hydroxyl aluminum with the soil sample. No
new peak appears and disappears, which indicates no new
phase appears. It can be explained that the physicochemical
reaction between hydroxyl aluminum and dispersive soil is
mainly the ion exchange adsorption on the surface of soil
particles and the formation process of hydrogen bonds
between the groups carried by polymer organic compounds

and the crystal surface of minerals. Hydroxyl aluminum
does not react with the soil to form new crystal compounds.

4.2. Specific Surface Area Test. The specific surface areas of
soil samples with different hydroxyl aluminum contents
are shown in Table 5.

Figure 14 shows the N2 adsorption-desorption iso-
therms with different amounts of hydroxyl aluminum; with
the increase of hydroxyl aluminum content, the specific sur-
face area and pore volume of dispersive soil gradually

laminar structure

(a) 0mmol/g (b) 0.08mmol/g

(c) 0.1 mmol/g

Large pore size

(d) 0.2 mmol/g

Agglomerated stacked structure

(e) 0.4 mmol/g

Figure 15: SEM test results of soil samples with different contents of hydroxyl aluminum.
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decrease, while the average pore size gradually increases.
This result is because that hydroxyl aluminum promotes
the connection between particles in the soil after entering
the dispersive soil; the agglomerated particles increase. The
pore volume also decreases gradually due to the stronger
polymerization between soil particles and the increase of
agglomerated particles. It also indirectly makes the grading
of soil poor and increasing of the pore size. The adsorption
isotherm of the modified soil given in Figure 13 belongs to
a type II isotherm. It can be seen that the modified soil with
different content shows the typical situation of multilayer
adsorption of porous media. The hysteresis loop belongs to
the H3 type, indicating that the pore shape is similar to the
slit formed by parallel plates. The slope of the adsorption
isotherm before modification is slightly more significant in
the relative pressure range of 0.98~1.0. After modification,
the slope decreases, indicating that the number of pores in
the modified soil sample decreases. It also indirectly shows
that the modification increases the large agglomerated parti-
cles in the soil, reducing the number of pores between the
particles.

4.3. SEM Test Analysis. The micro view of dispersive soil
modified with hydroxyl aluminum was tested by scanning
electron microscope.

Figure 15 shows the SEM image of the soil sample at
1000 times magnification under different contents of
hydroxyl aluminum. It can be seen that the connection
between the particles of the soil sample with low content
of hydroxyl aluminum is relatively loose, and the pores are
strongly developed. The soil sample shows a laminar struc-
ture with large and thin clay flakes and clay minerals’ typical
soil morphology, agreeing with Ouhadi and Goodarzi [25].
With the addition of hydroxyl aluminum solution, the struc-
tural unit of the soil sample is mainly composed of the
agglomerated stacked structure. The agglomerated crystals
are arranged closely, and the number of large pores between
the particles reduces clearly. The particles are stacked
together to form a tight structure. The agglomeration,
cementation, and other effects of hydroxyl aluminum on
the dispersive soil make the content of significant and coarse
powder increase and the content of clay decrease—the con-
nection between the soil samples becomes closer. The struc-
ture becomes more stable to restrain the dispersion of soil
samples. The scanning electron microscope shows that with
the increase of hydroxyl aluminum content, the pore size of
particles in the soil increases, and the significant aggregate
particles increase. The results also directly verify the calcula-
tion results of specific surface area and pore diameter given
in Table 5.

5. Conclusion

In this study, a new type of dispersive soil modifier, hydroxyl
aluminum, is introduced. The effects of treating dispersive
soil samples with different hydroxyl aluminum additive con-
tents are investigated. The following conclusions of this
study can be summarized from the test results:

(1) The test soil sample is highly dispersed. The disper-
sibility of the soil sample modified by hydroxyl alu-
minum decreases significantly and changes into
nondispersive soil with the content increase of the
modifier. In addition, with the increase of modifier
content, the internal friction angle of the soil sample
increases slightly, which shows that the modified soil
particles are occluded and embedded to form new
large particles to increase the internal friction angle.
The clay particles in the soil sample adhere to each
other, and the content of clay particles in the soil
sample decreases, resulting in the cohesion decrease
of the soil sample

(2) Under the same load condition, the shear strength of
soil has no noticeable linear change with the increase
of hydroxyl aluminum content. However, as the
shear strength is large (300 kPa and 400 kPa), the
shear strength of the modified soil with 0.4mmol/g
hydroxyl aluminum content is significantly higher
than that of the modified soil with other contents

(3) The SEM and X-ray analyses depict a laminar struc-
ture with large and thin clay flakes of the sample
without the additive. And the structural unit of the
soil sample is mainly composed of the agglomerated
stacked structure of the model with the additive. The
addition of hydroxyl aluminum caused the sample
agglomerated crystals to be arranged closely, and
the number of large pores between the particles
was reduced. This result is explained by the floccula-
tion of the clay and the subsequent increase in parti-
cle size with the addition of the additive. This change
in the microstructure corresponded to changes in the
geotechnical properties of the soil

(4) The successful modification of dispersive soil by
hydroxyl aluminum is expected to provide a scien-
tific basis for the later engineering application of
hydroxyl aluminum. The method of electrochemical
injection of hydroxyl aluminum can be considered to
treat the dispersed soil in situ. Hydroxyl aluminum
solution diffuses to the extreme under electric pres-
sure and cementates with dispersed clay to the great-
est extent to realize the in situ treatment of dispersed
clay subgrade. The application of hydroxyl alumi-
num will significantly improve the on-site project’s
economic, human and material costs and realize
rapid treatment
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Synchronous grouting is the key factor causing segment floating during the construction of shield tunnel, especially the grout ratio
and the control of the grouting pressure. In this paper, the ratio of grout material was optimized through multiple groups of
physical and mechanical tests. The results showed that 0.3% content of water reducing agent in grout could improve the ability
of water resistance significantly. 2.9% content of bentonite could reduce bleeding rate of grout and grout setting time and
improve the fluidity in the meantime. Then, the distribution law of grout along the segment ring in the filling stage was
studied based on a typical underwater tunnel in China. The results showed that the theoretical calculation of grouting pressure
was between 0.15MPa and 0.18MPa, which were in good agreement with the measured data. The grouting pressure
distribution is affected by four parts including the lateral earth pressure, foundation reaction, grout shear stress, and gravity.

1. Introduction

Shield tunnel has been widely used in traffic engineering
crossing river and sea due to its advantages, and it tends to
be larger in diameter and deeper in depth [1–3]. With the
increase of the diameter of the shield tunnel, the buoyancy
of the tunnel would be multiplied. During the process of
shield tunnelling, a gap between the segment and the soil
will occur after the segments come out from the shield tail
[4, 5]. The segment tends to float upward due to the geolog-
ical conditions and synchronous grouting [6, 7]. In particu-
lar, when the overlaying soil is shallow, segment floating is
more prominent. For example, during the construction of
underwater shield tunnels such as Dalian Road Tunnel
(Shanghai), Yangtze River Tunnel (Shanghai), Qingchun
Road Tunnel (Hangzhou), and Shiziyang Tunnel (Guang-
zhou) of China, the tunnel segments have appeared to vary-
ing degrees of buoyancy [4, 8, 9].

Another example is shown in Figure 1, which presented
the floating situation of an underwater tunnel in China. The

diameter of the tunnel is 13.8m, and it passes through the
stratum of silty clay, silty fine sand, and medium sand.
Due to the large hydraulic conductivity of the sand layer
and the abundant groundwater, serious floating of the seg-
ment occurs during construction.

The segment floating is often accompanied by segment
damage and dislocation, and even the connection bolts could
be cut off or lead to water leakage, which directly affects the
safety of the tunnel construction, as shown in Figure 2.
Therefore, it is necessary to study the mechanical action
mechanism of shield tunnel and the reasons of tunnel uplift
to ensure the safety of tunnel structure [10, 11].

2. Analysis of Floating Mechanism of
Tunnel Segments

As known in Figure 1, serious segments floating occurred
during shield tunnelling, segment installation, and synchro-
nous grouting. The cumulative float of segments in some
sections had exceeded the warning value, which will cause
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uneven stress on the segment, resulting in stress concentra-
tion and segment damage.

Many factors could affect tunnel floating, and these
factors are often interrelated mutually such as geological
conditions [6], synchronous grouting [12–14], and shield
attitude control [15]. Based on the field monitoring data
from the underwater tunnel mentioned above, two factors
were discussed in this paper. The first factor is the change
of surrounding rock properties. The underwater tunnel
passed through many stratums including silty clay, silty
fine sand, and medium sand. And the change of surround-
ing rock may lead to the change of rock strength and
structural integrity. After shield excavation, the surround-
ing rock will not immediately fill the gap at the shield tail
so that there is enough space for the segment to float. It is
necessary to prepare grout with better fluidity, shorter set-
ting time, and higher compressive strength when con-
ducting synchronous grouting in this zone. The second
factor is the control of the synchronous grouting. Accord-
ing to the construction record, the grout amount in the
grout circulation system increased significantly when there
is shield tunnelling through this area. Once the stratum
conditions changed especially in the soft soil layer, the
grouting pressure would be over large if the corresponding
construction parameters were not adjusted in time. And
then, the tunnel axis could deviate, resulting in segment
floating.

Whether the construction control measures are appro-
priate has a great impact on the segment floating. In partic-
ular, when the stratum conditions are the same, the
properties of the grout, grout buoyancy, and grouting pres-
sure will have the greatest impact on it.

In this paper, the ratio of grout materials was opti-
mized to improve the ability of water resistance and
shorten the setting time. Then, the mechanism of grouting
pressure in the filling stage was studied, and the flow law
of grout along the circumferential direction in this stage
was analyzed. Finally, taking the typical section of an
underwater tunnel in China as an example, the distribu-
tion law of grout along the outer wall of segment and
the floating situation of segment in the filling stage were
verified, which would provide a theoretical reference for
the floating control of segment in large diameter shield
tunnel excavation in water-rich strata.

3. Study on the Properties of Synchronous
Grouting Material

3.1. Performance Requirements of Underwater Synchronous
Grouting. When synchronous grouting is carried out in the
water-rich layer, the grout is easy to be lost from the layer
with groundwater after spraying out, due to the poor water
resistance. It is difficult to fill the gap of shield tail, resulting
in the floating and leakage of the segment. For the water-rich
layer with large hydraulic conductivity, synchronous grout-
ing material requires the properties including fast filling,
small bleeding rate, short setting time, good water resistance,
and sufficient strength after the grout consolidation process
is done. According to engineering experience, synchronous
grouting material should meet the following requirements
when shield tunnelling in water-rich layer area:

(1) Degree of fluidity: 230~250mm

(2) Bleeding rate: 5%~10%;
(3) Setting time: 6~7 hours

(4) Shear strength: the 24-hour shear strength of grout
should be greater than or equal to that of equivalent
strata

(5) Compressive strength: the 7-day strength of grout
should be greater than 0.50MPa, and the 28-day
strength of grout should be greater than 1.65MPa

(6) Water resistance: a test method for the stability of
grout in water was developed in this paper as shown
in Figure 3. Firstly, put the test mold of grout into
the water tank to make the water surface 10 cm
above the mold. Connect it with the pipe and funnel,
and inject the fresh grout into the mold until the
grout overflows from the mold. Then, the mold
and grout are placed in the water tank together to
maintain until the specified time, and then, the grout
is taken out for uniaxial compressive strength test.
The water-land strength ratio is the strength ratio
of grout with two different curing conditions (water
and land) and with the same proportion at the same
age after molding, so as to determine the water resis-
tance of grout. The closer the water-land strength
ratio is to 1, the better the water resistance of grout

3.2. The Optimization of Grout Ratio. According to the sta-
tistics of grout ratios in many similar projects, the com-
monly used water-binder (fly ash+cement) ratio ranges
from 0.6 to 1, the binder-sand ratio ranges from 0.5 to 0.7,
the bentonite-water ratio ranges from 0 to 0.2, and the fly
ash-cement ratio ranges from 1.6 to 3.2. In order to reduce
the test times, a series of physical mechanics and construc-
tion performance tests were carried out by using U15 (155)
uniform design method [16]. Finally, a group of grout ratio
was optimized as follows: cement 187 g, fly ash 313 g, ben-
tonite 37.5 g, sand 770 g, and water 375 g. The test results
of the grout ratio are shown in Table 1. Grout ratio 1 in
the table is the one used in the tunnel at first, and ratio 2
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Figure 1: The floating situation of the underwater tunnel.
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was the optimized grout ratio mentioned above. The test
results showed that ratio 2 effectively reduced the grout
bleeding rate and improved the compressive strength, but
the fluidity was too small and the solidification time was
too long, so it was still not fully suitable for grouting in
water-rich layers. In this paper, ratio 2 would be further
optimized to meet the requirements of grout properties.

High-efficiency water reducing agent is a polymer sur-
factant with strong activity, which can be adsorbed on the
surface of cement particles, forming a strong electric field
to disperse cement paste and improving grout workability
and strength. Besides, water reducing agent has no air
entraining effect on cement and can improve the fluidity of
cement under the same water amount effectively. Based on
grout ratio 2, polyhydroxy acid water reducing agent
(PHWR-S) was added to further improve its material perfor-
mance. The grout specimen is shown in Figure 4. The left
specimen was added with water reducing agent, and the
right one was not. The specimen without water reducing
agent was dark and grey, with fine particles on it. The grout
specimen was greyish with water reducing agent and was
smoother and uniform.

Too little addition of water reducing agent cannot
shorten the initial setting time and improve strength of grout
effectively, while excessive addition would cause waste and
larger bleeding rate. The reasonable content of water reduc-
ing agent is about 0.3%, according to multigroup comparison
test (ratio 3 in Table 1). Onshore and underwater compres-
sive strength tests of ratio 3 were carried out and compared
the test results with ratio 2. It can be seen from Table 1 that
the initial strength of ratio 3 in land was slightly smaller than
that of ratio 2, but the later strength increased rapidly. The
strength of ratio 3 in water was greater than that of ratio 2,
but the water resistance was not effectively improved.

The above tests showed that the active role of water
reducing agent would improve the fluidity and reduce the
setting time of grout. However, due to the increase of free
water in the grout, the bleeding rate of the grout was higher
than that without the water reducing agent, which may affect
the overall performance of the grout.

To reduce the setting time and the bleeding rate of grout,
the content of bentonite is increased without changing ratio
3 in Table 1. Based on the comparison of the field test, the
reasonable content value was about 2.9%. Setting the num-
ber of the grout ratio with 2.9% bentonite as fourth. Com-
pared with ratio 2, after adding water reducing agent and
bentonite, the bleeding rate of grout was reduced to a certain
extent, the fluidity of grout was improved, and the setting
time of grout was further shortened, due to the unique
sliding effect and water absorption of bentonite. The com-
pressive strength of land and underwater changed little in
the early stage of ratio 4, compared with ratio 3. But the
28-day compressive strength increased significantly later,
and the water resistance was also improved. This showed
that the addition of bentonite makes the grout structure
more reasonable.

Based on ratio 4, the measured grout void ratio e0 was
0.98 through specific gravity tests. The compression test of
grout with ratio 4 was carried out to detect the compressibil-
ity of grout. After different curing time, the compression test
results in the pressure range of 100 kPa-200 kPa are shown
in Figure 5.

Figure 5 shows that the compressive modulus of grout
increased slowly in the early stage and increased rapidly in
the later stage. After 42.4 hours of curing, the compressive
modulus of the improved grout was 24.4MPa, which was
similar to that of the layer (24.1MPa) around the tunnel in
the west bank of the river. However, the grout compression

(a) Specimen preparation process (b) Mortar specimen

Figure 3: The test of water resistance of grout.

Bolt hole breakage

Misplacement Joint failure Segment crack Water seepage

Figure 2: Segment damage during construction.
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modulus growth rate was slow. Therefore, when the shield
crossed the stratum in the west bank, the tunnelling speed
should be controlled as far as possible to ensure that no large
settlement and deformation would occur.

4. Analysis of Grouting Pressure in Filling Stage

During shield tunnel construction, synchronous grouting
can be divided into four stages including filling grouting,
seepage grouting, compaction grouting, and fracture grout-
ing. The filling grouting is at the stage of filling the gap of
shield tail, which has the greatest impact on the segment
floating. In the filling stage, grout filling along the circumfer-
ential direction and expansion along the longitudinal direc-
tion are considered to be two relatively independent
processes. During synchronous grouting, it takes only a

few dozen seconds for the grout to fill along the circumfer-
ential direction to the farthest distance after ejecting from
the grouting hole [17]. Relative to the speed of shield tunnel-
ling, grout has enough time to form a three-dimensional
annular “grout cake” along the circumferential shield tail
gap, as shown in Figure 6. The longitudinal thickness δ of
annular cake is much smaller than its width b, and its thick-
ness is equal to the advancing distance of shield in the filling
time. In the process of filling grouting, it is assumed that the
grout only flows circumferentially along the shield tail gap
without considering its longitudinal diffusion along the lon-
gitudinal direction.

Taking the horizontal direction of the segment ring as
the x-axis, the vertical direction as the y-axis, and the tun-
nel axis as the z-axis, the spatial rectangular coordinate
system was established as shown in Figure 7. In the dia-
gram, α represents the angle between the grout filling
position and the y-axis, and R represents the outer radius
of the segment. The grout flow in the range of grouting
hole 1 was taken as the research object. When the grout
was sprayed from the grouting hole and filled downward,
a microelement of the grout was studied [18].

Equation (1) can be obtained according to the force
equilibrium. Thus,

Pbdz − P + dPð Þbdz + ρg sin α ⋅ b ⋅
R + b
2

� �
dα ⋅ dz

+ τb
R + b
2

� �
dα − τ + dτð Þb R + b

2

� �
dα = 0,

ð1Þ

where P is the filling pressure of the grout, τ is the shear
stress, and ρ is the density of the grout. Since b < <R, it can
be obtained that R ≈ ðR + bÞ/2. So, equation (1) can be sim-
plified as follows:

dτ = 1
R

ρgR sin α −
dP
dα

� �
dz: ð2Þ

According to the boundary conditions, we can know that
τ = 0 when z = 0. The distribution formula of shear stress
along the z-axis was obtained by integrating along the z
-axis as follows:

τ = z
R

ρgR sin α −
dP
dα

� �
: ð3Þ

Table 1: The test results of the optimized grout ratio.

Ratio
number

Bleeding
rate

Degree of
fluidity (cm)

Initial setting
time (h)

Compressive
strength (7 d)

Compressive
strength (28 d)

Water-land strength
ratio (7 d)

Water-land strength
ratio (28 d)

1 10% 28.1 8.5 0.71 / Small∗ /

2 5% 23.5 9.5 0.79 1.38 0.49 0.37

3 10.1% 26.0 8 0.65 3.66 0.86 0.36

4 6.6% 24.5 7 0.67 4.56 0.76 0.40

Notes: ∗ means it is less than the instrument range.

HPWR-S added HPWR-S not added

Figure 4: The specimen with or without water reducing agent.
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Let

ρgR sin α −
dP
dα

= B: ð4Þ

Then, equation (4) can be simplified to equation (5) as
follows:

τ = Bz
R
: ð5Þ

Based on the test results by Ruan [19], it was assumed
that cement grout is Bingham fluid in filling stage. The shear
stress of the grout can be expressed:

τ = τ0 + μγ = τ0 − μ
dv
dz

, ð6Þ

where τ0 is the shear stress of grout in static stage, μ is
the grout viscosity coefficient, ν is the flow speed of the
grout, and γ is the shear rate. Substituting equation (5) into
equation (6), equation (7) can be obtained:

dv = 1
μ

τ0 −
Bz
R

� �
dz: ð7Þ

Let τ0 = Bz/R, in equation (5), the flow core radius of the
grout can be expressed as

rp =
τ0R
B

: ð8Þ

The speed distribution of classical Bingham fluid is
shown in Figure 8. When jzj ≤ rp, fluid moves forward
smoothly without shear force. And when rp ≤ jzj ≤ δ/2, the
whole fluid is in motion relative to the adjacent layer fluid
due to shear force. According to the boundary conditions,
we can know that when z = δ/2, v = 0. By integrating equa-
tion (7) along the z-axis, the speed distribution of the grout
in the range of rp ≤ jzj ≤ δ/2 was obtained as follows:

v = 1
μ

B
2R

δ2

4 − z2
 !

− τ0
δ

2 − z
� �" #

: ð9Þ

By substituting z for rp in equation (9), the flow speed of
the grout in the range of jzj ≤ rp can be obtained:

vp =
1
μ

B
2R

δ2

4 − r2p

 !
− τ0

δ

2 − rp

� �" #
: ð10Þ

In summary, the speed distribution of the grout along
the z-axis can be obtained:

v =

1
μ

B
2R

δ2

4 − r2p

 !
− τ0

δ

2 − rp

� �" #
−rp ≤ z ≤ rp,

1
μ

B
2R

δ2

4 − z2
 !

− τ0
δ

2 − z
� �" #

rp < zj j ≤ δ

2 :

8>>>>><
>>>>>:

ð11Þ

By integrating, the flow on the section was obtained:

q = b
ðδ/2
−δ/2

vdz = b
μ

2B
3R

δ3

8 − r3p

 !
− τ0

δ2

4 − r2p

 !" #
: ð12Þ

By substituting equation (8) into equation (12), one-
dimensional cubic equation about B can be obtained:

B3 −
3Rτ0
δ

+ 12Rμq
bδ3

� �
B2 −

4R3τ30
δ3

= 0: ð13Þ

B can be solved by equation (13). And combining equa-
tion (4), differential P can be expressed:

dP = ρgR sin α − Bð Þdα: ð14Þ

Grout flow
Hole 1

90°
90
°

90°

90°

Hole 2
b

o

R

𝛿

Hole 3

Hole 1 Grouting
hole

Segments

Figure 6: The grout filling the gap of shield tail along
circumferential direction.
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Figure 7: Model of grout filling and force analysis.

5Geofluids



When α = α1, P = P1 (P1 is the actual grouting pressure
for grouting hole 1). By integrating equation (14), the pres-
sure distribution of the grout filling downward from grout-
ing hole 1 can be obtained:

P = P1 + ρgR cos α1 − cos αð Þ + B α1 − αð Þ: ð15Þ

Similarly, the pressure distribution of the grout filling
upward from grouting hole 1 can be obtained:

P = P1 + ρgR cos α1 − cos αð Þ − B α1 − αð Þ: ð16Þ

Let ρgR = A. According to the above derivation, the
grout pressure distribution of the ith grouting hole during
filling stage can be obtained:

P = Pi + A cos αi − cos αð Þ ± B α1 − αð Þ, ð17Þ

where “﹢” represents the grout fills downward and “−”
represents the grout fills upward.

5. Engineering Verification and Analysis

5.1. Grouting Pressure Monitoring and Verification.
According to the above analysis, the grouting pressure in
the synchronous grouting filling stage has a great influence
on the floating of the segment. Taking the typical strati-
graphic section of an underwater tunnel in China as an
example, the grout buoyancy of the segment was calcu-
lated. Due to the short duration of filling stage, the influ-
ence of time varying of grout viscosity was not considered.
The synchronous grouting hole at the tail of shield was
arranged at the positions of 45°, 135°, 225°, and 315°

respectively. And the grouting pressure at the outlet of
grouting pipe was controlled at about 0.2MPa.

The typical section of underwater tunnel is located at the
bottom of the river. The surrounding strata of the tunnel are
silty clay and silty fine sand. The relevant calculation param-
eters of stratum are shown in Table 2.

In order to understand the force variation of segments
and the influence of synchronous grouting pressure on seg-
ment floating, pressure cells were set up in the typical strat-

igraphic section to monitor the fluctuation of grouting
pressure and other external loads during shield tunnelling.

The typical pressure variation of the segments with time
measured by the pressure cells is shown in Figure 9. The
axial pressure immediately increased after the segment was
removed from the shield tail. And then, due to the suspen-
sion of the shield tunnelling (replacement of the partial cut-
ting tools on the cutter), the grouting behind the segment
stopped, and the measured axial pressure decreased to about
0 rapidly. After normal tunnelling restarted, the measured
axial pressure returned to the previous level. It was also
proved from the measured curve that, after the segment
was removed from the shield tail, the surrounding rock will
not immediately act on the segment due to the good self-
stability. A relatively complete gap in the shield tail will be
formed around the segment, and the grouting pressure is
the most important external load acting on the segment.

5.2. Calculation of the Grout Pressure Distribution. The main
calculation parameters are listed in Table 3.

5.2.1. Thickness of the Ring Cake of Grout (δ). It is assumed
that the grout is in a circumferential flow state within the
range of thickness δ. According to the grout filling time
and the shield tunnelling speed, the thickness of the flow
ring cake can be express as

δ = vst0, ð18Þ

where vs is the tunnelling speed of the shield and t0 is
the time required for the grout to fill the shield tail gap
completely. Grout filling can be completed in about tens
of seconds. If the parameter t0 is 50 seconds, then δ =
0:0175m.

5.2.2. Sectional Flow (q). Four-hole synchronous grouting
was adopted with the 0.2MPa grouting pressure in each
hole, and the injection rate is 150%. Assuming that the
upward and downward filling flow from grouting hole is
equal, the sectional flow q can be expressed as

q = π R + bð Þ2 − R2� �
vsλ

2n

= π 5:65 + 0:165ð Þ2 − 5:652
� �

× 0:00035 × 150%
2 × 4

= 3:9 × 10−4 m3/s:

ð19Þ

5.2.3. The Pressure Distribution of the Grout (P). Substituting
the relevant parameters into equation (17), the grouting
pressure distribution along the outer wall of the segment in
the filling stage can be obtained. Comparison between calcu-
lated and measured grouting pressure is shown in Figure 10.
The theoretical calculation results were between 150 kPa and
180 kPa, which were in good agreement with the measured
pressure on the vault, but the measured values on both sides
of the arch waist and arch bottom were 50% larger than the
calculated values. The pressure measured by the pressure
cells was affected by the lateral earth pressure at the arch
waist in addition to the grouting pressure. At the bottom

v
O

Z

rp

rp

δ/2

δ/2

Figure 8: The speed distribution of Bingham fluid.
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of the arch, it was mainly affected by the foundation reaction
and the grout buoyancy caused by the concentration of liq-
uid grout at the bottom.

5.3. Analysis of the Influence Factors. According to the calcu-
lation equation, the distribution and size of grout pressure
along the segment are mainly affected by the grout weight
(parameter A) and grout shear stress (parameter B). The
gravity and shear stress of grout slow down the filling speed
of grout when the grout is sprayed from bottom to top.
When the grout is sprayed from top to bottom, the shear
stress still slows down the filling speed, while the grout
weight accelerates the filling process.

Substituting equation (19) into equation (13), it can be
obtained:

B3 −
3Rτ0
δ

+ 12πR2μvsλ

δ3n

� �
B2 −

4R3τ30
δ3

= 0: ð20Þ

The shear pressure (parameter B) is positively correlated
with grout viscosityμ, grout injection rate λ, section area of
segment ring πR2, and shield tunnelling speed vs, while neg-
atively correlated with the thickness of grout cake δ (cubic).
Parameter δ has the greatest influence on the shear pressure
of the grout. When the other parameters are constant, δ is
taken between 1 cm and 3.5 cm at 0.25 cm intervals. The

Table 2: Calculation parameters of surrounding strata.

(a) Silty clay

Unit weight
γmc kN/m3� � Cohesion

c (kPa)
Internal friction

angle φ (°)

Hydraulic
conductivity
qmc (m/d)

Poisson’s
ratio μ

Static lateral pressure
coefficient Kmc

Foundation
coefficient
(MPa/m)

Elastic modulus
(MPa)

18 31.7 9.6 0.05 0.3 0.43 20.2 5.17

(b) Silty fine sand

Unit weight
γmc kN/m3� � Cohesion

c (kPa)
Internal friction

angle φ (°)

Hydraulic
conductivity
qmc (m/d)

Poisson’s
ratio μ

Static lateral pressure
coefficient Kmc

Foundation
coefficient
(MPa/m)

Elastic modulus
(MPa)

19 / 24 8 0.31 0.45 13 8

Out of shield tail

Grout pressure

Monitoring date

B1
A1
A2

11/1911/1711/15

A3
A4

A5

A6

A7

B2KB1
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11/1111/911/711/511/311/110/3010/2810/2610/24
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Figure 9: Measured axial pressure of the segment in typical section.

Table 3: The main calculation parameters of underwater tunnel.

Tunnelling
speed (m/s)

Outer radius of
segment (R/m)

Thickness of shield
tail gap (m)

Grout density
(kg/m3)

Plastic viscosity
(Pa ⋅ s)

Dynamic shear
force (Pa)

0.00035 6.9 0.25 1900 2 15
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relationship curve of parameter B with the change of δ is
shown in Figure 11.

Parameters B increased sharply when δ was less than
2 cm, and when δ was larger than 3.5 cm, parameter B
approached to 0. With the increase of the thickness of the
grout annular cake, the grouting filling pressure c would
decrease sharply. When δ was 1 cm, 1.75 cm, and 3 cm,
respectively, the comparison between the calculated values
and the measured values of grout filling pressure is shown
in Figure 12.

Figure 12 shows that B was relatively large when δ was
1 cm. The shear resistance of grout was large, and the grout-
ing pressure decays rapidly in the process of circumferential

filling. When the grout was filled to the vault and waist of
the tunnel, the grouting pressure gradually decreased to 0.
The calculated values were quite different from the mea-
sured values, which was obviously not in line with the
actual situation. When δ was 1.75 cm and 3 cm, the corre-
sponding B was relatively small with little difference accord-
ing to Figure 11. The shear resistance of the grout was small,
and the grouting pressure was evenly distributed along the
whole ring. The measured values were basically in the two
grouting pressure envelopes. Combined with Figure 12, it
can be considered that the value of parameter δ under this
condition was 1.75~3 cm.

Learned from the previous construction experience, cor-
responding adjustments had been adopted when excavating
to the underwater section. Firstly, the tunnelling parameters
had been adjusted in time according to the conditions of
surrounding rock, so as to minimize overexcavation. Then,
in the area with large floating amount, the tunnelling speed
had been reduced relatively, and the binary grout with
shorter setting time had been used for second grouting to fill
the gap at the shield tail. The optimized ratio of grout had
been used to reduce the fluidity and setting time of grout
and ensure the quality of synchronous grouting. The cumula-
tive floating and subsidence of the segments were controlled
within 21mm as shown in Figure 13, which ensured the
safety and stability for the later tunnelling process. The max-
imum buoyancy was 20.47mm, due to the change of the
ground conditions. Compared with Figure 1, both buoyancy
and settlement shown in Figure 13 were effectively con-
trolled, especially the amount of uplift is significantly
reduced.

Unit: kPa

50

150

250

Theoretical value
Measured value

Figure 10: Comparison between calculated and measured values of
filling grouting pressure.

1 1.5
0

50

100

150

200

250

300

400

350

2 2.5
𝛿 (cm)

B 
(k

Pa
)

3 3.5

Figure 11: The relationship curve of parameter B with the change
of δ.
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Figure 12: Grouting filling pressure curve of Bingham fluid in
different δ.
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Compared with the floating situation of different seg-
ments in underwater tunnel, it is known that the synchro-
nous grouting pressure is an important factor causing the
floating of the segment, and it is also a key to control
the floating of the segment. There are two conditions for
segment floating: one is the space available for segment
floating deformation, and the other is the force causing seg-
ment floating [20]. When the geological conditions change,
the synchronous grouting parameters should be adjusted in
time, the grout ratio should be optimized, and the synchro-
nous grouting process should be optimized and controlled
combining with secondary grouting and supplementary
grouting.

6. Conclusion

In this paper, a test experiment was carried out to optimize
the ratio of grout material. And then, the distribution law
of grout along the outer wall of the segment in the filling
stage was studied. The following conclusions can be drawn:

(1) In the test experiment of grout material ratio, 0.3%
content of water reducing agent in grout could
improve the ability of water resistance significantly.
2.9% content of bentonite could reduce bleeding rate
of grout and grout setting time and improve the flu-
idity in the meantime

(2) The pressure distribution of grout along the outer
wall was affected by gravity and grout shear stress.
The gravity and shear stress of grout would slow
down the filling speed of grout when the grout was
sprayed from bottom to top. When the grout was
sprayed from top to bottom, the shear stress still slo-
wed down the falling speed of the grout, while the
grout weight accelerated the filling process

(3) The typical stratigraphic section of underwater tun-
nel in China was taken as an example to verify the
theoretical distribution law of the grouting pressure
in the filling stage. The theoretical value was in good
agreement with the measured one on the whole, but
the errors of arch waist and arch bottom on both
sides are relatively large. The errors were affected
by the lateral earth pressure and foundation reaction
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In order to study the law of evolution of erosion time on the impermeability of soil-cement in the marine environment,
permeability tests, X-ray diffraction (XRD) tests, and scanning electron microscopy (SEM) tests were conducted on ferronickel
slag powder (FSP) soil-cement. The changes in the permeability properties of the soil-cement under different soaking age
conditions were investigated. The results show that the marine environment has little influence on the impermeability of
soil-cement at an early age, and that their permeability coefficient is essentially identical to that of clear water. The
impermeability of soil-cement in the marine environment decreases significantly after 28 days, and it continues to decrease with
age. However, the deterioration in impermeability of soil-cement caused by the marine environment can be alleviated after FSP
is added to the soil-cement, and a better mixing value of 40% is obtained. At the same time, the regression curve equation of the
permeability coefficient of soil-cement with the change of age is established. FSP exerts a microaggregate effect and chemical
activity in the soil-cement. It not only improves the compactness of the soil-cement matrix but also prevents the penetration of
corrosive ions into the soil-cement, thereby improving the impermeability of the soil-cement.

1. Introduction

Construction projects are being implemented worldwide
for urban development, and coastal areas have been used
for engineering construction [1, 2]. Marine clay, which
usually exists in offshore areas, has a high level of uncer-
tainty in its properties and is considered a problematic soil
[3–5]. Pakir et al. [6] showed that marine clay exhibited
weak physical and mechanical properties, making it unsuit-
able to even bear its self-weight. Thus, the mechanical
properties of marine clay should be improved for the land
demands. The soft soil can be stabilized by compaction
[7], chemical [8, 9], electro-kinetically applications [10],
bacteria [11], and hydrological processes. Research studies
indicated that the soil-cement is the effective technique to
strengthen marine clay given soil characteristics and site
conditions [12, 13].

Soil-cement is a composite material composed primarily
of soil, cement, and water. Cement-soil is widely applied to
treating soft soil foundations for roads, airports, and ports
[14, 15]. It plays an irreplaceable role in soil improvement
in coastal areas. However, the soluble salt content of soft
sea soil in coastal areas is high. It will corrode cement soil
for a long time and even reduce the durability of cement soil
[16]. For example, Shihata and Baghdadi [17] and Nan et al.
[18] investigated the deterioration of cement strength in the
marine environment. Xing et al. [19–21] studied the effect of
the content of soluble salt ions on the strength of cement
soil. The results show that the Cl-, SO2−

4 , and Mg2+ soluble
salt ions have distinct adverse effects on the strength of
cement soil samples. The impermeability of soil-cement is
an important indicator for evaluating the durability and
useful service life. Therefore, research into the impermeabil-
ity of soil-cement has attracted more and more attention.
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Goreham and Lake [22] examined the influence of water on
the diffusion and porosity parameters of soil-cement mate-
rials. Wang et al. [23] studied the impermeability of soil-
cement by adding fly ash, and the results showed that the
optimal mass ratio of CMK to cement is between 1 : 6.5
and 1 : 4. Quang and Chai [24] researched the permeability
(k) of lime- and cement-treated clayey soils. The results indi-
cate that the k value decreases when the amount of cement
or lime added is large enough that the cementation products
formed during the pozzolanic reactions begin to fill the
interaggregate pores. However, there are relatively few stud-
ies on the permeability of soil-cement eroded by seawater.

Soil-cement has good adaptability to complex environ-
mental conditions of construction and sites [25]. The
adverse effects of erosion on the soil-cement can be reduced
or prevented by selecting appropriate cement types, mixing
ratios, and admixtures. The addition of mineral admixtures
is the most economical, effective, and environmentally
friendly measure to improve the performance of soil-
cement [26–28]. Lin et al. [29], Ali and Yousuf [30], and
Karpisz and Jaworski [31] researched the influence of fly
ash on the strength and stability of soil-cement. The use of

fly ash as an admixture in stabilizing a soft marine clay
resulted in stabilized samples with improved strength, more
than 75 times that of the untreated clay. Rocha et al. [32]
evaluated the compressive strength characteristics of soil-
cement when rice husk ash (RHA) was used as a substitute
for Portland cement, and the results indicated that RHA
was feasible as a substitute for cement. Li et al. [33] added
a certain amount of ultrafine silica powder to cement-
stabilized soil to inhibit the expansion of cement-stabilized
soil in seawater. Wang et al. [34] reported that China had
discharged about 40 million tons of ferronickel waste residue
every year. It accounts for about 20% of the total discharge
of metallurgical waste slag. Meanwhile, the chemical activity
of ferronickel slag was demonstrated by Chen and Tong [35]
and Yang et al. [36]. It can be used as the raw material for
slag cement.

Recycled materials are a matter of global concern in
recent research on soil stabilization [37]. Ferronickel slag is
a metal waste product produced by smelting steel or nickel.
Generally, it is dumped as sand containing fine powder,
which is nonbiodegradable. In this paper, FSP refers to the
regenerated ferronickel slag powder obtained by grinding

Table 4: Permeability test of soil-cement.

No. Cement mixing ratio (%) Water binder ratio Mixing ratio (%) Environment

A-0 15 0.5 0

Fresh water

A-1 15 0.5 10

A-2 15 0.5 20

A-3 15 0.5 30

A-4 15 0.5 40

B-0 15 0.5 0

Seawater

B-1 15 0.5 10

B-2 15 0.5 20

B-3 15 0.5 30

B-4 15 0.5 40

Mixing ratio: the ratio of composite FSP to replace cement mass.

Table 3: Chemical composition of compound admixture.

Composition SiO2 Al2O3 CaO MgO TiO2 MnO Fe2O3 SO3 LOI

Ferronickel slag powder (%) 35.82 21.46 29.22 9.46 0.78 0.57 1.33 0.16 2.43

Granulated blast furnace slag powder (%) 32.00 16.81 36.12 10.59 0.93 0.9 2.29 0.14 0.16

Table 1: The main salt content of seawater.

Salt of seawater NaCl MgCl2 MgSO4 CaSO4 K2SO4 CaCO3 MgBr2 Total

Content (‰) 27.21 3.81 1.66 1.26 0.86 0.12 0.08 35

Table 2: Chemical composition of common Portland cement (P.O 42.5).

Composition CaO SiO2 Al2O3 Fe2O3 SO3 MgO f-CaO Others LOI

Portland cement (%) 62.55 21.69 4.38 3.34 2.89 2.05 0.57 0.84 1.59
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ferronickel slag into powder. Dredged marine soft soil is
problematic soil because of its weak engineering perfor-
mance. FSP is mixed into cement soil as a mineral admixture
to strengthen the marine soft soil. Treating soft soil with this
ferronickel waste would be an environmentally friendly,
cost-effective, and green technology. Hence, FSP is used
to improve the durability of cement reinforced marine soft
soil. Permeability test and X-ray diffraction (XRD) test
were conducted to evaluate the applicability of FSP for
treating marine soft soil. The influence of erosion time
on soil-cement permeability in the marine environment
was investigated.

2. Materials and Methods

2.1. Test Materials. The marine soft soil used in the test is the
sludge in a subway foundation pit in the coastal area of
Fujian Province, with a pH of 6.82, moisture content of
58.5%, a void ratio of 1.53, and a plasticity index of 19.8.
The cement used in the test is ordinary Portland cement
(P.O. 42.5). Ferronickel slag powder (FSP) is produced by
Fujian Yuanxin Group Co., Ltd. (Fujian Province, China).
There is no harm in corrosive, leaching toxicity, and radio-
activity. Because of the weak chemical activity of FSP [35],
some granulated blast furnace slag powder with strong
chemical activity is mixed into the FSP to form a mineral
admixture. The mass ratio of FSP to ore powder is 2 : 1.
The water used in the test is pure water extracted from run-
ning water after purification by water purification equip-
ment. The seawater maintenance environment is simulated
by manual configuration in the laboratory. The seawater
environment is manually prepared following the Salt
Manufacturing Industry Manual [35]. The salinity of seawa-
ter is 35‰, and the main saline content is shown in Table 1.
The main performance indicators of cement, FSP, and slag
used are listed in Tables 2 and 3 [38].

2.2. Test Plan. The mixing ratio of cementitious material in
soil-cement was 15%, and the water binder ratio was 0.5.
Three influencing factors were set up in the test: the mixing
ratio of FSP, the immersion environment, and the curing
age. The mixing ratios of the composite FSP in the soil-
cement were 0%, 10%, 20%, 30%, and 40%, respectively.

The mix proportion is shown in Table 4. The methods and
procedures used to prepare the samples for testing followed
the Chinese Standard JGJT 233-2011 Specification for mix
proportion design of soil-cement: Part B5. The untreated
marine soft soil was first over dried and passed through a

Figure 2: Mixing the components.

Figure 3: The standard penetration mold.

Figure 4: Mixing the components.

Figure 1: Screening marine soft soil.
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2mm mesh sieve (Figure 1). When preparing soil-cement
laboratory samples, the sieved soil, FSP, and cement were
first mixed for 3min, and then, the mixture was poured into
the water and thoroughly mixed for 5min to achieve a
homogeneous mixture (Figure 2). The standard penetration
mold (Figure 3) was 30mm high, and the upper mouth has
an inner diameter of 70mm and an inner diameter of
80mm. The soil-cement slurry was placed in three equal
layers inside the standard penetration mold. The vibration
time of each layer of cement soil should not be less than
1 minute. The soil-cement slurry was trimmed and troweled
to eliminate the extra soil-cement when the compaction pro-
cess was completed. After 24 h, the prepared cement soil test
block (Figure 4) was demoted and immersed in clear water
and seawater. The samples were cured for 7 days, 28 days,
60 days, and 90 days.

The TJSS-25 infiltration device for soil-cement was
adopted in the permeability test. In the first place, paraffin
was used to seal the side wall of the cement soil. The
methods and operation steps of the permeability test
followed the Chinese Standard JGJT 233-2011 Specification
for mix proportion design of soil-cement. A QUANTA 250
scanning electron microscope (SEM) and a Miniflex 300
X-ray diffractometer (XRD) were used to perform micro-
scopic experiments on the soil-cement.

The permeability coefficient is calculated using Equa-
tion (1) and Equation (2), and the correction formula is
as Equation (3).

kT = V
iAt

, ð1Þ

i = P
100γwh

, ð2Þ

Where kT is the permeability coefficient of soil-cement
at T°C of water temperature (cm/s), accurate down to

0:01 × 10−n cm/s; i is the hydraulic gradient, accurate
down to 0.01; t is the interval time (s); V is the water
seepage in time period t (ml); A is the cross-sectional area
in the middle of the sample (cm2); p is the osmotic
pressure (MPa); and γw is the gravity of water, which is
regarded as 0.0098N/cm3.

k20 = kT × ηT
η20

, ð3Þ

where k20 is the permeability coefficient of soil-cement at
20°C of standard water temperature (cm/s), accurate down
to 0:01 × 10−n cm/s; ηT is the dynamic viscosity coefficient
of water at T°C of water temperature (kPa·s); and η20 is
the dynamic viscosity coefficient of water at 20°C of water
temperature (kPa·s).

3. Results

3.1. Analysis of Permeability Test Results. The permeability
tests of different soil-cement samples were conducted at
immersion time of 7 days, 28 days, 60 days, and 90 days.
The relationship between permeability coefficient and
immersion time is shown in Figure 5.

It can be seen from Figure 5 that the relationship curve
between the permeability system and age of the soil-
cement with five admixture amounts of FSP (0%, 10%,
20%, 30%, and 40%) in clear water showed a slow downward
trend with a small range of change and an overall stable
coefficient of permeability of the soil-cement of each mixture
proportion. In contrast, the relationship curve between the
permeability coefficient and the age of the soil-cement in
the marine environment showed an increasing trend. The
permeability coefficients of soil-cement in the two environ-
ments were substantially the same by the age of 7 days,
and the growth rate of permeability coefficient in the marine
environment before the age of 28 days is slow, while the
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Figure 5: Permeability coefficient of soil-cement: (a) permeability coefficient of soil-cement in clear water; (b) permeability coefficient of
soil-cement in marine environment.
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Figure 6: Comparison curve of soil-cement permeability coefficient and age: (a) admixture amount of ferronickel slag is 0%; (b) admixture
amount of ferronickel slag is 10%; (c) admixture amount of ferronickel slag is 20%; (d) admixture amount of ferronickel slag is 30%;
(e) admixture amount of ferronickel slag is 40%.
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permeability coefficient of soil-cement increased greatly
with the passage of time after 28 days of age. The results
showed that if the age is less than 28 days, the marine envi-
ronment has little influence on the permeability system of
ferronickel slag containing soil-cement, while the negative
effects of the marine environment on soil-cement increased
greatly over time.

The comparison curves of permeability coefficient of
soil-cement in clear water and seawater erosion environ-
ment are shown in Figure 6. According to the comparison
chart in Figure 6, the curve of clear water shows an upward
trend, while the one of marine environment shows a down-
ward trend. As the immersion age progresses, the difference
in permeability coefficient of the FSP containing soil-cement
in the two environments becomes increasingly larger. There-
fore, each group of comparison curve shows an opening
shape that expands to the right, and the opening shape grad-
ually decreases with the increase in the admixture amount.
In other words, the opening shape is largest when the
admixture amount of FSP is 0%, whereas the opening shape
is smallest when the admixture amount of FSP is 40%.
Under the designed immersion time, the permeability
coefficients of the soil-cement with 40% admixture amount
of FSP in seawater environment were 0:69 × 10−8 cm/s,
0:92 × 10−8 cm/s, 1:54 × 10−8 cm/s, and 2:16 × 10−8 cm/s,
respectively. Compared with that in clear water, they increase
by 0.01 times, 1.49 times, 3.97 times, and 10.37 times, respec-
tively. The results show that the marine environment will
deteriorate the impermeability of soil-cement, and the
negative effect of this deterioration on the impermeability
increases with the increase of the erosion time of seawater,
while FSP can slow down the erosion of soil-cement by
seawater.

In short, after analyzing the reasons, the chemical activ-
ity of FSP is weaker than that of cement [39]. The soil-
cement mixed with FSP can play the role of filling voids bet-
ter in the early stages and improve the workability of the
soil-cement, as a result of which the soil-cement formed
becomes denser [35]. Therefore, after FSP was added to the
soil-cement, the permeability coefficient of the soil-cement

would be decreased while the impermeability of the soil-
cement would be improved. At the age of 7 days, the solidi-
fication effect of the soil-cement was strong, and the effect of
improving performance was greater than the negative
influence of the marine environment on the soil-cement.
Therefore, by 7 days of age, the permeability coefficient
of soil-cement was essentially the same in both environ-
ments. However, after 28 days of age, the hydration of
the cement in the soil-cement slowed, while the erosion
of soil-cement by the marine environment continued. At
this time, the deterioration of the soil-cement by the
marine environment was greater than the consolidation
of the soil-cement itself. Therefore, after 28 days, the per-
meability coefficient of soil-cement in the marine environ-
ment increased, and even the increased amplitude became
larger. Although the performance enhancing effect of soil-
cement after 28 days of age was weaker than the deterio-
ration of the soil-cement by the marine environment, the
activity of FSP began to play a strong role, slowing the
influence of the marine environment on the soil-cement.
Therefore, the opening of the curve with the large admix-
ture amount of FSP is significantly smaller than that with
the small admixture amount of FSP.

3.2. Regression Model Analysis of Permeability Coefficient
and Age. The permeability coefficient of cement soil is
related to the content of cementitious materials and the
age of maintenance. It showed a quadratic polynomial pat-
tern variation with age [40]. Quadratic polynomial fitting
analysis was used to figure out the permeability coefficient
of the FSP in the soil-cement at different ages. In both clear
water and marine situations, the permeability coefficient of
an FSP-cement soil varies quadratically polynomially. The
regression equation is shown in Table 5, where K is the
permeability coefficient of the FSP containing soil-cement,
t is the immersion age, and R2 is the coefficient of determi-
nation. The regression curve is established according to the
law of change of permeability coefficient and the age of
the FSP containing soil-cement, as shown in Figure 7,
respectively.

Table 5: Temperature and wildlife count in the three areas covered by the study.

Sample no. Compound admixture addition Regression curve equation Determination coefficient

A-0 0% K = 0:000008725t2 − 0:012t + 4:88 R2 = 0:979
� �

A-1 10% K = 0:00007t2 − 0:0176t + 4:066 R2 = 0:959
� �

A-2 20% K = ‐0:000113t2 − 0:00055t + 4:066 R2 = 0:996
� �

A-3 30% K = ‐0:0000107t2 − 0:0149t + 1:905 R2 = 0:977
� �

A-4 40% K = 0:000074t2 − 0:0124t + 0:730 R2 = 0:926
� �

B-0 0% K = 0:00005t2 + 0:046t + 4:74 R2 = 0:995
� �

B-1 10% K = 0:0002t2 + 0:033t + 3:58 R2 = 0:965
� �

B-2 20% K = 0:0003t2 − 0:004t + 2:23 R2 = 0:990
� �

B-3 30% K = 0:0004t2 − 0:017t + 2:03 R2 = 0:998
� �

B-4 40% K = 0:00008t2 − 0:011t + 0:59 R2 = 0:997
� �
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From Figure 7 and the corresponding fitting formulas, it
can be seen that the coefficient of determination R2 of the fit-
ting curve of the permeability coefficient of soil-cement
changing with immersion age is not less than 0.95, indicat-
ing that the fitting curve is very similar to the law of change
of the permeability coefficient of soil-cement in the paper.
The curing effect of soil-cement is usually completed at the
age of 90 days, so the development of impermeability of
soil-cement usually needs 90 days to be stable. However, in
the actual engineering construction, due to reasons such as
the construction period and cost, the impermeability of
soil-cement can not be tested until the soil-cement reaches
the age of 90 days. If the functional relationship between
the early permeability coefficient of the soil-cement and

the permeability coefficient of 90 days can be established,
and the early calculation of the permeability coefficient
of 90 days can be achieved, it can provide references for
the prediction of the impermeability of soil-cement.

3.3. Microstructure Characteristics of Soil-Cement. The FSP
soil-cement is a complex multiphase system. In this paper,
the main crystalline substances of the soil-cement were
analyzed. The XRD pattern of the soil-cement is shown in
Figures 8 and 9. The main crystalline substances of soil-
cement with different admixture amounts of FSP are quartz
(SiO2), gismondine (CaAl2Si2O8·4H2O), ettringite (AFt:
Ca6Al2 (SO4)3 (OH)12·26H2O), gypsum (CaSO4·2H2O),
and Friedel’s salt (3CaO·Al2O3·CaCl·10H2O). The intensity
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Figure 8: XRD energy spectrum of soil-cement at 60 d.
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Figure 9: XRD energy spectrum of soil-cement at 90 d.
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of the main diffraction peak of SiO2 in soil-cement is very
strong, so it is difficult to distinguish the difference in the
diffraction peak intensity of each group. Orthorhombic sco-
lecite and ettringite are mainly the hydration products of
soil-cement, and their diffraction peak intensity increases
with the passage of age.

The microstructures of the FSP soil-cement are depicted
in Figure 10. The SEM images were analyzed by comparison
with known crystal microstructures to discern the composi-
tions. The soil-cement exhibits a loose microstructure, and
the soft soil particles are bound by flocculating material. This
flocculent is a calcium silicate hydrate (C-S-H) gel formed
by the mixed hydrolysis and hydration reactions of cement
and soft soil [21]. At 60 days, the cement soil’s floccula-
tion and clustered structures become more evident, while
the pore structure becomes less pronounced. The floccula-
tion and clustering phenomena are enhanced by the
hydration reaction [41]. The flocculent colloid (C-S-H) is
more abundant, but a trace of needle-like AFt, hexagonal
prismatic CH crystals, and F salts is also visible. They

result in a reduction in the number of soil-cement pores
and an increase in density.

Portland cement in soil-cement contains a large number
of mineral components, such as C3S, C2S, C3A, and C4AF.
So, a hydration reaction will occur after cement contacts
with water. At the same time, FSP contains a large number
of potentially active vitreous substances, including SiO2,
Al2O3, and Fe2O3 [38]. With the passage of time, vitreous
substances can give better play to the chemical activity effect
and produce hydration products such as C-S-H, C-A-H,
CaO·Fe2O3·mH2O, Aft, and AFm, which is conducive to
the improvement of impermeability of soil-cement. The ero-
sion effect of the marine environment on soil-cement is
mainly a series of physical and chemical reactions between
Cl-, SO2−

4 , and Mg2+ and mineral composition or hydrated
products in soil-cement [35], which can produce expansive
substances such as Friedel’s salt, gypsum, Aft, and M-S-H
gel. When there is an excessive amount of expansive
substances, spalling and softening will occur in the soil-
cement. When FSP is added to soil-cement, the binding

(a) B-0 (7 d) (b) B-0 (60 d)

(c) B-4 (7 d) (d) B-4 (60 d)

Figure 10: Microscopic morphology of soil-cement: (a) SEM image of B-0 at 7 days (×3000); (b) SEM image of B-0 at 60 days (×3000);
(c) SEM image of B-4 at 7 days (×3000); (d) SEM image of B-4 at 60 days (×3000).
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capacity of soil-cement to Cl- can be improved. At the same
time, the low activity of FSP can make the soil-cement
structure denser, which can alleviate the erosion effect of
corrosive ions.

4. Conclusions

In this paper, the permeability comparison test of the FSP
containing soil-cement in clear water and the marine envi-
ronment was conducted with the pressurized soil-cement
infiltration device. The permeability characteristics of the
soil-cement with different admixtures of FSP under the ero-
sion of seawater were studied. The following conclusions can
be drawn from this research:

(1) Prior to the age of 28 days, the difference in the per-
meability coefficients of cement soils in clear water
and marine environments is minimal, and the values
are nearly identical. After 28 days, the permeability
coefficient of cement soils in a clear water environ-
ment decreased with age and remained relatively sta-
ble. In comparison, the permeability coefficient of
cement soil in the marine environment tends to
increase with age, and the permeability coefficient
increases with age. The marine environment would
then deteriorate the cement soil’s permeability per-
formance in the long run

(2) In both clear water and marine environments, the
permeability coefficients of cement soils follow a
quadratic polynomial pattern with age. By increasing
the amount of nickel-iron slag powder admixture in
the cement soil, the permeability coefficient gradu-
ally decreases, thereby improving its permeability
resistance. By increasing the amount of nickel-iron
slag powder in the cement soil, the seepage resistance
of the soil-cement can be slowed down by the marine
environment. The soil-cement containing 40% FSP
has excellent impermeability

(3) From XRD and SEM test results, FSP has a microag-
gregate filling effect and can fill the pore structure of
cement soil. With the hydration reaction of cement,
FSP exerts a chemical activity effect and improves
the quality of hydration products. FSP improves
the compactness of the cement soil matrix and
hinders the invasion of erosion ions, improving the
impermeability and erosion resistance of cement soil
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In order to understand the sustainable and effective utilization of groundwater resources in Fuyang River Basin, the chemical
characteristics and genetic evolution process of characteristic shallow fluoride groundwater in the region were carried out. The
results show that the chemical characteristics of groundwater are zonal in horizontal direction. From the piedmont plain to the
central plain, the hydrochemical types of the first and second aquifers are mainly HCO3-Ca-Mg-type water, HCO3-Cl-Ca-Mg-
type water, Cl-SO4-Na-Ca-type water, and Cl-SO4-Na-Mg-type water. The main mineral sources of hydrochemical ions are salt
rock, carbonate rock, sulfate rock, and silicate rock. F- has a significant positive correlation with HCO3

- while it is negatively
correlated with K+. In the strong evaporation and alkaline environment created by climatic conditions in the study area, F-

mainly comes from the dissolution of minerals. Gypsum and fluorite are in a relatively stable dissolved state continuously
providing F- and Ca2+ for groundwater; the adsorption of cation was gradually strengthened from the piedmont plain to the
central plain. The high HCO3

- content is also conducive to F- desorption in alkaline environments. The samples with F-

concentration greater than 1mg·L-1 accounted for 35.7% and mainly distributed in the south of the study area. In summary,
the chemical characteristics of shallow groundwater in Fuyang River Basin are affected by the combined effects including
leaching effect, evaporation concentration, ion exchange-desorption, and human factors.

1. Introduction

As one of the essential trace elements in human bodies, fluo-
ride can affect bone metabolism. Fluorine exists mostly in
mineral form in nature, such as fluorite (CaF2), cryolite
(Na3[AlF6]), and fluorapatite (Ca10(PO4)6F2). If excessive
fluoride is ingested through the digestive tract or respiratory
tract for an extended period, it will be toxic to human bodies
and endanger bone health, which is reflected in dental fluoro-
sis and skeletal fluorosis. Endemic fluorosis is widely distrib-
uted and harmful. It has been found in all parts of China,
involving a population of 100 million, seriously endangering
the life and safety of people [1]. Due to the complex and
changeable natural environment, meteorological climate,
and hydrogeological conditions in northern China, the diver-
sity of fluorine ion enrichment in regional groundwater is

caused, and the coexistence of high-fluorine water of various
causes is often formed in some areas. North China Plain is
the lowest level of terrain ladder in China. It has experienced
complex geological environment changes in its geological
history, forming quite a complex stratigraphic structure and
water flow field [2]. The main water resource problems in
Fuyang River Basin include the increasingly serious water
shortage and water pollution, the intensification of competi-
tion among water users, and the incompatibility of regional
economic structure and water resource conditions. With
the rapid decline of groundwater level and increasing of envi-
ronmental problems, the basin has changed from open to
closed [3, 4]. There are nearly 2,500,000 permanent residents
in the study area, where endemic fluorosis has occurred [5].
However, the hydrogeological conditions in the study area
are complex, the types and quantities of surface water
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systems are various, and the corresponding chemical causes
and influencing factors of groundwater are diverse, specific
analysis of regional. In this study, the hydrochemical charac-
teristics and genetic analysis of shallow high-fluorine risk
groundwater in the study area are expounded through field
geological survey and water sample analysis. The concentra-
tion of fluoride in groundwater is affected by many com-
ponents like pH, precipitated ions and colloids,
temperature, the anion exchange capacity of aquifer mate-
rials, solubility of fluorine-containing minerals, and the
size besides sorts of the geological establishment that the
water passes through, as well as the contact time for the
water towards maintaining contact with the specific crea-
tion. Analyzing the characteristics of fluorine content in
groundwater in this area, finding out the distribution reg-
ularity of high-fluorine groundwater, and revealing the
hydrochemical factors affecting high-fluorine groundwater
are helpful for controlling endemic diseases and under-
standing the hydrogeochemical origin and influencing fac-
tors of high-fluorine groundwater in the research area.

2. General Situation of Research Area

The Fuyang River is 413 km long and has a catchment area
of 21737 km2 (Figure 1). It originates in Hecun town and
converges with the Hutuo River in Xian County. Fuyang
River meanders with more than 20 tributaries joining on
the left bank, which mostly are seasonal rivers. The Fuyang
River Basin, located in dry subhumid areas, has a temperate
monsoon climate [6].

On hydrogeological conditions, Fuyang River Basin
belongs to the hydrogeological area of Hebei Plain, cover-
ing the Hutuo River alluvial-pluvial hydrogeological sub-
area and Fuyang River alluvial-lake hydrogeological
subarea [7]. According to the formation age of strata, the
Quaternary sedimentary strata are vertically divided into
four water-bearing groups. The first water-bearing group
of Holocene strata formed by fluvial alluvial deposits and
marsh depressions. The second water-bearing group of
Upper Pleistocene strata was dominated by fluvial alluvial
deposits. The third water-bearing group of Middle Pleisto-
cene strata was dominated by coarse sand in fluvial allu-
vial deposits. The fourth water-bearing group of Lower
Pleistocene strata was dominated by fine sand in fluvial-
lake facies [8].

According to the evolution of regional hydrogeological
conditions and the current situation of local mining, we take
110~140m as the boundary. The Quaternary aquifer rock
group is divided into shallow aquifer rock group and deep
aquifer rock group. The samples of this study were taken
from the shallow aquifer rock group, equivalent to the first
aquifer group and upper half of the second aquifer group.

3. Materials and Methods

The samples collected in this study are shallow groundwater
samples with a total of 31 groups, which are collected in Sep-
tember 2019 and December 2020. The source is national,
local, and factory monitoring wells. The depth of the wells

ranges from 4.5 to 100 meters, and that of the filter pipe is
from 1.85 to 90 meters. The samples were collected at a
depth of 2.05-17.57m. According to the requirements of
the specification, the water sampling place of the centralized
water supply source is selected for water sample collection,
and then, the preservation agent is added and stored in cold
storage at 4°C. Groundwater collection and preservation are
carried out according to the requirements of “Standard Test
Method for Drinking Water” (GB/T 5750-2006). Shallow
geological profile of Fuyang River Basin is shown in Figure 2.

The pH value was measured according to the Hash
water quality multiparameter tester HQ40, and the TDS
was measured by dry weighing method. The most accurate
way to estimate the mass of a solid sample quantitatively
is done through weighing by difference. The specified
technique entails weighing a weighing container holding
an amount of solid reagent on a regular basis. The mass
of the weighing bottle contents reduces as the solid is
removed towards another vessel. Cl-, SO4

2-, NO3
-, and F-

were determined by ICS-600 ion chromatograph; K+,
Na+, Ca2+, and Mg2+ were determined by ICP-OES; and
HCO3

- and CO3
2- were determined by titration. After the

test, the reliability analysis was carried out according to
the “Standard Test Methods for Drinking Water Quality
Analysis Quality Control (GBT 5750.3-2006)” standard
issued by the Ministry of Health. The pretreatment of each
batch of samples shall include travel blank, laboratory
blank, quality control sample, parallel sample, and actual
sample, which shall be carried out in the same batch
according to the pretreatment method of samples. Accord-
ing to the requirements of laboratory quality control, the
travel blank value shall be deducted from the analysis
results, the laboratory blank value shall be lower than
the detection limit of the instrument, the recovery rate of
quality control samples shall meet the requirements of
method recovery rate, and the difference between parallel
samples shall be less than 30%.

MapGIS software was used to analyze spatial distribu-
tion characteristics. Excel 2007 and SPSS 25.0 were used
for data collection and statistical analysis. SPSS statistics
is the world’s most widely utilized statistical programme
for ad-hoc analysis and hypothesis testing, in addition to
predictive analytics in business as well as research. Along
with the trial, a person can download the traditional user
interface after enrolling. A geographic information frame-
work (GIS) is a computer-based framework that assists
in the storage, dissemination of data, collection, produc-
tion, and information as well as analysis by MapGIS soft-
ware. Spatial distribution patterns might have an
outwardly balanced, central place distribution mode; an
outwardly unbalanced distribution mode; a multicore cen-
tral place distribution mode; and otherwise, a corridor bal-
anced else imbalanced distribution mode, depending on
the natural circumstances of various regions. Mineral satu-
ration index was calculated using PHREEQC software
llnl.dat database to analyze the water-rock interaction of
related minerals in groundwater and to determine the
direction and intensity of dissolution-precipitation of gyp-
sum, fluorite, and other minerals [9, 10]. Through the
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comparison of chemical activity (ionic activity product,
IAP) of a dissolved mineral ion with its solubility product
(Ksp), the saturation index (SI) is computed; then, the for-
mula is SI = log ðIAP/KspÞ. The hydrochemical character-
istics and related causes were analyzed and studied by
Piper trilinear diagram, Gibbs diagram, and chlor-alkali
index. A form of graph that is utilized to chart the chem-
istry of water samples is termed as Piper trilinear diagram.
Origin generates a Piper diagram from spreadsheet infor-
mation with the XYZXY column plot designations. The
percentage value of every ion group is listed in every col-
umn. Piper plots are extremely useful in the disciplines of

hydrogeology besides groundwater studies for displaying
the relative concentration of common ions in water
samples.

A popular tool for determining the connection betwixt
water composition in addition to lithological features of
aquifers is termed as Gibb’s diagram. Evaporation domi-
nance, rock-water interaction, and then precipitation domi-
nance are 3 dissimilar disciplines. It is a useful tool for
identifying the key natural geochemical processes that affect
the hydrogeochemical properties of groundwater in an aqui-
fer like the specified disciplines above. The word chlor-alkali
refers to the 2 chemicals generated concurrently as an
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outcome of saltwater electrolysis (chlorine and an alkali).
Chlorine besides sodium hydroxide (caustic soda) is the
most frequent chlor-alkali compound, but potassium
hydroxide besides muriatic acid is also possible.

4. Chemical Characteristics of Groundwater

The pH value of shallow groundwater in Fuyang River Basin
was 7.17-9.59, with an average of 7.77, which was generally
alkaline. The main cations in groundwater are Na+, Mg2+,
and Ca2+, and the main anions are Cl-, SO4

2-, and HCO3
-.

The content of soluble solids ranged from 179.95 to
17800mg·L-1, with an average of 4908.92mg·L-1. The F- con-
centration was 0.01-3.14mg·L-1, and the average was
0.81mg·L-1 (Table 1). The concentration of F- has a certain
influence on the content of anions and cations in groundwa-
ter, reflecting a certain regularity. According to the toxico-
logical requirements of groundwater quality standard (GB/
T 14848-2017), fluoride content higher than 1mg·L-1 is
regarded as exceeding the standard and classified as Class
IV and Class V water [1, 11, 12].

The chemical characteristics of groundwater in the
Shijiazhuang-Hengshui section are zonal in the horizontal

direction, and the distribution of high-fluorine samples from
the piedmont plain to the central plain in the southeast of
the basin. The content of Ca2+ and Mg2+ decreased obvi-
ously in this part of the samples, and the content of Ca2+

was 10.43-287.38mg·L-1, the content of Mg2+ was 102-
450.99mg·L-1, the concentration of HCO3

- increased to
272.69-1167.78mg·L-1, and the values of TDS, Cl-, and
SO4

2- decreased in varying degrees. The relationship
between the source and content of groundwater ions in
Fuyang River Basin is shown in Table 2; one must extract
samples from said distract and use SPSS 25.0 to establish
the correlation matrix between water chemical components.
There was a significant positive correlation between TDS
and Na+, Mg2+, Ca2+, Cl-, and SO4

2-. The correlation coeffi-
cient showed a consistent trend, and the values were
between 0.929 and 0.992, indicating that the above ions were
the main sources of TDS in the study area, and the sources
were highly consistent. There is a negative correlation
between F- and the above main ions. In a large number of
ions, the correlation coefficient with K+ content is the larg-
est, reaching -0.357 with a significant negative correlation.
The difference shows there is a significant positive correla-
tion between F- and HCO3

-; the correlation is 0.52. The

Table 1: Main ion contents of shallow groundwater in Fuyang River Basin.

Parameters pH TDS SO4
2- Cl- HCO3

- CO3
2- NO3

- K+ Na+ Ca2+ Mg2+ F-

All samples (N = 42)

Mean value 7.77 4908.92 1345.10 1700.79 429.13 3.32 2.00 9.84 1134.36 228.40 339.56 0.81

Maximum
value

9.59 17800.00 5532.84 6480.00 1167.78 43.31 19.67 54.14 4332.90 843.32 1570.99 3.14

Minimum
value

7.13 179.95 24.56 19.78 85.10 0.07 0.01 0.94 32.00 3.77 3.27 0.01

Samples m F−ð Þ ≥ 1mg·L-
1 (N = 12)

Mean value 7.54 4036.12 1033.04 1413.45 638.09 0.42 0.12 5.45 1094.69 146.34 259.55 1.93

Maximum
value

7.98 6700.00 2148.67 2720.00 1167.78 0.76 0.43 12.65 1844.26 287.38 450.99 3.14

Minimum
value

7.13 1838.64 324.91 358.90 272.69 0.07 0.01 1.10 475.00 10.43 102.00 1.10

Note: unit mg·L-1.

Table 2: Relationship between main ions in shallow groundwater in Fuyang River Basin.

TDS SO4
2- Cl- HCO3

- CO3
2- NO3

2- K+ Na+ Ca2+ Mg2+ F-

TDS 1

SO4
2- 0.975∗∗ 1

Cl- 0.984∗∗ 0.937∗∗ 1

HCO3
- 0.096 0.061 0.026 1

CO3
2- 0.273 0.221 0.334∗ 0.048 1

NO3
- -0.302 -0.284 -0.296 -0.281 -0.109 1

K+ 0.096 0.094 0.108 -0.300 -0.017 -0.191 1

Na+ 0.983∗∗ 0.954∗∗ 0.961∗∗ 0.143 0.181 -0.323∗ 0.045 1

Ca2+ 0.929∗∗ 0.952∗∗ 0.894∗∗ -0.019 0.166 -0.251 0.225 0.881∗∗ 1

Mg2+ 0.992∗∗ 0.969∗∗ 0.975∗∗ 0.077 0.257 -0.264 0.082 0.979∗∗ 0.926∗∗ 1

F- -0.274 -0.279 -0.271 0.52∗∗ -0.16 -0.224 -0.357∗ -0.199 -0.335∗ -0.264 1

Note: ∗∗significant correlation in 0.01 level (double tail); ∗significant correlation at 0.05 level (double tail).
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results showed that the high-fluorine water in Fuyang River
Basin had the characteristics of high HCO3

- and low K+ in
water chemistry.

Hydrochemical types of shallow groundwater in the
study area are relatively complex. According to the Shukalev
classification, the chemical characteristics of groundwater in
the Shijiazhuang-Hengshui section are zonal in horizontal
direction; from the piedmont plain to the central plain, the
hydrochemical types of the first and second aquifers are
mainly HCO3-Cl-Ca-Mg-type water, Cl-SO4-Na-Ca-type
water, and Cl-SO4-Na-Mg-type water (Figure 3). It can be
seen from the Piper trilinear diagram that the anion distri-
bution of the samples in the study area is relatively dis-
persed, and the cations are relatively concentrated. In
addition, with the increase of F- content, part of Ca2+ and
Mg2+ in cations changes to Na+, while anions gradually
change from the combination of SO4

2- and Cl- to Cl- and
HCO3

-, and the trend is obvious. The ion composition of
groundwater mainly comes from carbonate rock such as salt
rock, calcite and dolomite, gypsum, and silicate rock. A
widely used mineral is termed as gypsum. It can be discov-
ered in strata that developed millions of years ago beneath
salt water. Calcium sulphate (CaSO4) besides water (H2O)
makes up gypsum. Calcium sulphate dihydrate is its chemi-
cal name (CaSO4·2H2O); because the capillary suction of the
mentioned porous substance is responsible for slip dewater-
ing, the gypsum mold is essential in slip casting. This
phenomenon to some extent reflects the evolution character-
istics of shallow high-fluoride water in the study area.

5. Analysis of Hydrochemical Causes

5.1. Filtration Effect. The soil and groundwater in the study
area are alkaline-weakly alkaline under the influence of long
hydrological geochemistry and supergene. Plants accumu-
late nitrogen and organic matter through respiration, while

microorganisms transport carbon from organic matter such
as animal, plant remains at the surface to deep groundwater
systems, and large quantities of HCO3

- and soluble mineral
components are supplied to groundwater. The mineral satu-
ration index can be used to judge the precipitation-
dissolution dynamic process of the target minerals [9].
When the saturation index is negative, the mineral is in an
unsaturated state in the water body, which is still in the
phase of dissolution but not precipitation when the mineral
saturation index is positive; the amount of substance in
water solution has exceeded the solubility and is in the state
of supersaturation. Fluorite is the main source mineral of F-,
which is usually formed in the vadose zone of pore water
environment as secondary mineral [13]. This research uses
the PHREEQC software llnl.dat database to calculate the sat-
uration indices of calcite, dolomite, gypsum, and fluorite. A
programme that simulates a wide range of reactions as well
as processes in natural waters besides laboratory studies is
termed as PHREEQC. It is a hydrogeochemistry simulation
programme that can act out a wide range of geochemical sit-
uations. The results show that the saturation index of dolo-
mite is positive, that of calcite is near 0 or slightly higher
than 0, and that of fluorite and gypsum is negative, but the
stone and the fluorite are still in dissolved state. The average
saturation indices of dolomite and fluorite are 2.09 and
-2.49, respectively, which indicates that the equilibrium of
dissolution and precipitation is the main controlling factor
of high-fluorine water chemical composition.

The saturation index of fluorite is negative in all ground-
water samples, which indicates that the fluorite is in dis-
solved state. The dissolving process of fluorite is the
reaction of Ca2+ with OH-, and HCO3

- in the environment
forms Ca(OH)2 precipitation with CaCO3. It is also the main
reason of enrichment of F- in groundwater in the study area.
From the correlation diagram of F- content and mineral sat-
uration index, it can be seen that with the increase of F- con-
tent, the saturation indices of CaCO3(calcite),
CaMg(CO3)2(dolomite), and CaSO4(gypsum) all decrease
slightly, because SICaCO3 and SICaMg(CO3)2 are larger than 0;
the effect of Ca2+ provided by the dissolution of fluorite on
the saturation index is not obvious. In contrast, the dissolu-
tion of CaSO4 provides a large amount of Ca2+, which
weakens the dissolution and rate of fluorite to a certain
extent, thus inhibiting the enrichment of F- in groundwater.
It can be seen from the correlation diagram between Ca2+

content and saturation index of minerals that the saturation
index of the four minerals as a whole tends to increase with
the increase of Ca2+ content, which indicates that excess
Ca2+ promotes the precipitation of dolomite and calcite; it
also inhibited the dissolution of fluorite. In Table 3, it can
be seen that the Ca2+ concentration is significantly or very
significantly correlated with SICaSO4, respectively, indicating
that the Ca2+ in water mainly comes from the dissolution
of gypsum and the formation of SO4

2- changes the composi-
tion of anions in water chemistry. The dissolution of CaSO4
inhibited the enrichment of F-, so the concentration of
SO4

2- was lower in the groundwater with higher F- con-
centration. In addition, HCO3

- is positively correlated with
F-, and with the increase of F-, the saturation index of
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Figure 3: Piper diagram of shallow groundwater in Fuyang River
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dolomite and calcite decreases (Figures 4 and 5), especially
calcite which becomes less and less saturated, indicating
that calcite in higher F- groundwater is still dissolving
and producing HCO3

-.

5.2. Evaporation Concentration. The study area belongs to
the continental semiarid monsoon, with an average annual
rainfall of 498.5mm and evaporation of 1545.4mm in the
past 10 years [10]. The evaporation concentration is very
strong. Considering the depth of the water table in the study
area, the evaporation makes the shallow groundwater move
up through the capillary pores of the soil layer, and all kinds
of ions carried in the groundwater are trapped in the soil,
and the soil alkalinity in the unsaturated zone increases
accordingly. Since it shields other buffers from fast pH fluc-
tuations, alkalinity is vital for fish as well as aquatic life. Acid
rain besides other acid pollutants will be buffered through
higher alkalinity levels in surface waters, preventing pH fluc-
tuations that are detrimental towards aquatic life.

When it rained, the precipitation through the soil vadose
zone vertical infiltration recharges to groundwater, water,
and soil between the dissolution, hydration, hydrolysis, ion
adsorption, and a series of physical and chemical reactions;
the fluoride salts that had previously been deposited by
evaporation in the soil, as well as the fluorine salts contained
in the soil itself, are transferred to the groundwater through
dissolution and leaching, resulting in an increase in the fluo-
rine content of the groundwater; under the continuous
action of “strong evaporation concentration-leaching-infil-
tration-strong evaporation concentration,” the fluorine
groundwater is finally enriched. Gibbs diagrams can be
divided into three types: evaporative concentration type,
rock-soil weathering type, and precipitation control type by
the proportion of specific ions [4]. A phrase that refers to
any circumstance in which salt-containing water evaporates
off the surface, leaving the salts behind, causing the salts to
build up towards a greater level than the concrete over time
is said to be an evaporative conservation. The disintegration
of rocks as well as minerals into soils is known as weather-
ing. Sedimentary, igneous, and metamorphic rocks are the
3 primary types of rocks. The rock cycle depicts the forma-
tion of many types of rocks. Precipitation is any result of
the buildup of air water fume that falls under gravitational
draw from clouds in meteorology which is termed as precip-
itation control. Rain, ice particles, drizzle, sleet, slush, grau-
pel, and hail are the primary types of precipitation. It

happens at the time when the climate becomes soaked with
water fume (arriving at 100% relative stickiness), so the
water gathers then accelerates else falls. In this way, haze
and fog are not precipitation but rather colloids, on the
grounds that the water fume does not consolidate adequately
to encourage.

In Figure 6, the samples are mainly distributed in the
upper right corner, indicating that the evaporation and con-
centration of groundwater in the study area are strong, and a
few substances (such as HCO3

-) come from rock and soil
weathering. From Figure 6(a), it can be seen that the distri-
bution of the high F- sample is near the right, which means
that the Mg2+ equivalent concentration of Ca2+ in the high
F- sample is relatively low in the cations.

The distribution of the samples in Figure 6(b) is rela-
tively dispersed. Some of the samples, together with the
two high F- points on the far right, are moved to the left of
the image. This shows that the matter in the groundwater
of the study area is affected by evaporation concentration;
there is also a fair percentage of F- that comes from the
weathering of rock and soil.

5.3. Ion Alternating Adsorption. Ion exchange and adsorp-
tion are surface chemistry else surface complexing processes
that result in the conversation of chemical substances
betwixt the aqueous solution and the surface of minerals that
appeared in geologically porous formations. Influenced by
the change of environment and medium, the underground
water exchanges with the top and bottom soil and rock mass
all the time [14]. In this process, the main cations K+, Na+,
Ca2+, and Mg2+ and anion F-, HCO3

-, and OH- exchange
at the same time in the selective adsorption; this role is the
ion exchange adsorption. It has been found that F- can be
replaced by OH- when alkalinity is low, because the ionic
radius of F- and OH- is very close [15]. The high-fluorine
water in the study area has a low pH value between 7.17
and 8.25, which provides the conditions for the
adsorption-desorption of anions. The cation exchange is
mainly between Na+/Ca2+ ions. The chlorine-alkali index
(ICAI−1, ICAI−2) can directly reflect the direction and intensity
of cation exchange in groundwater:

ICAI−1 = γ Cl−ð Þ − γ Na+ð Þ − γ K+ð Þð Þð Þ · γ Cl−ð Þ−1,
ICAI−2 = γ Cl−ð Þ − γ Na+ð Þ − γ K+ð Þð Þð Þ · γ HCO3

−ð Þð
+ γ SO4

2−� �
+ γ CO3

2−� �
+ γ NO3

−ð Þ�−1:
ð1Þ

When the chlorine-alkali index (ICAI−1, ICAI−2) is nega-
tive, Ca2+ and Mg2+ exchange from groundwater to soil in
the direction of K+ and Na+; when it is positive, Ca2+ and
Mg2+ migrate from soil to groundwater, replacing K+ and
Na+ ions in groundwater; the absolute value represents the
strength of the ion exchange reaction [3].

As can be seen from Figure 7, when the content of F- is
low, the distribution of chlor-alkali index is relatively uni-
form near 0, and the direction of ion migration in ground-
water and soil is not clear, but with the increase of the
content of F-, the chlor-alkali index decreases and the

Table 3: Correlation between F- and Ca2+ concentrations and SI.

Calcite Dolomite Gypsum Fluorite Ca2+ F-

Calcite 1

Dolomite 0.819∗∗ 1

Gypsum 0.600∗∗ 0.35 1

Fluorite -0.12 -0.266 0.152 1

Ca2+ 0.234 0.07 0.428∗ 0.166 1

F- -0.232 -0.137 -0.039 0.687∗∗ -0.067 1

Note: ∗∗significant correlation in 0.01 level (double tail); ∗significant
correlation at 0.05 level (double tail).
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absolute value increases; with the increase of ion exchange
intensity, K+ and Na+ were gradually replaced from the soil
into the solution, and Ca2+ and Mg2+ gradually left the water
body in the form of precipitation [16].

In high-fluoride water, the average molar fraction of Na+

in cations (76.48%) was significantly higher than that in
other samples (70.54%). The correlation diagram of γðNa+Þ
− γðCl−Þ and γðCa2+Þ + γðMg2+Þ − ðγðHCO3

−Þ + γðSO4
2−ÞÞ

can also be used to show cation exchange [17]. It is generally
believed that the fitting line with a slope of -1 represents the
most ideal negative correlation of Na+/ðCa2+ +Mg2+Þ. As
can be seen from Figure 8, the shallow groundwater samples
in the study area are distributed near the fitting line with a
slope of -0.446, and the γðNa+Þ − γðCl−Þ values of most sam-
ples are between -15 and 10, indicating that the cation alter-
nation is not very strong on the whole; however, the
distribution of high-fluorine water samples is relatively to
the right of the image, and the slope of the fitting line is
closer to -1, indicating that the enrichment of F- is still
dependent on the cation alternation. The results show that
clay minerals are important sites and media for ion adsorp-

tion in groundwater due to their large negative charges and
large specific surface area [18]. This characteristic is very
suitable for the ionic adsorption of fluorine.

Because the ionic radius of F- (0.133 nm) is very close
to that of OH- (0.137 nm) and the electric charge of OH-

(0.137 nm) is the same, the competition between F- and
OH- is easily formed; as alkalinity increases, more F- ions
are released into groundwater [19, 20]. The adsorption
capacity of HCO3

- is the weakest among the three, and
it cannot form direct alternating adsorption with F-. How-
ever, after HCO3

- enters the water body, it can be hydro-
lyzed to increase the alkalinity of the water body and
finally create the alkalinity environment which is beneficial
to the enrichment of F-.

5.4. Human Factors. Through the hydrogeological investiga-
tion in the region, the surface Yellow River water is used for
farmland irrigation in many places [21, 22]. In this process,
because the water from the Yellow River has a high content
of fluorine, the fluorine enters into the shallow groundwater
through irrigation, which leads to the increase of the fluorine
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ion content in the shallow groundwater [23]. At the same
time, irrigation led to the accumulation of some fluoride ions
in shallow soil; under the action of rainfall leaching, fluoride
ions from the soil enter into shallow groundwater again,
resulting in an increase in the content of fluorine in shallow
groundwater; it can be said that the more frequent the
exploitation of surface water for irrigation, the higher the
content of fluorine in shallow groundwater will be. In addi-
tion, the study area belongs to the river alluvial plain [24].
Some studies show that the frequent human activities in this
area result in a single plant community structure and often
cannot form a perfect root group layer [25, 26]. At the same
time, the reduction of vegetation coverage can weaken the

interception and purification function of nutrients and
mud and sand lost by surface slope flow in most areas,
resulting in the infiltration of fluorine in the aeration zone
into the phreatic layer with the leaching of soil water, result-
ing in the enrichment of fluorine.

6. Conclusion

The geological background is the material basis for the for-
mation of all kinds of high-fluorine water. The strong
adsorption of fluorine by soil containing most clay is the
main source of F-, and the alkalinity of circulating water is
also the reason for the existence of F-. The fluorine content
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in the distribution area of sodium water is high, but it is
opposite in the distribution area of calcium water. The arid
climate determines the wide distribution of high-fluorine
water. The closed or semiclosed terrain, poor groundwater
runoff conditions, high evapotranspiration rate, and low
head conductivity of weathered area lead to the long reten-
tion time of water in the aquifer, which is also one of the rea-
sons for the dissolution of fluorine-containing minerals and
the increase of F- content in groundwater. The main conclu-
sions of this paper are as follows:

(1) The F- concentration of shallow groundwater in
Fuyang River Basin is 0.11-2.75mg·L-1, and the aver-
age is 0.80mg·L-1. The main ions in groundwater are
Cl-, SO4

2-, HCO3
-, Na+, Ca2+, and Mg2+. The hydro-

chemical types are mainly Cl-SO4-Na and HCO3-Cl-
Na; the reason lies in the change process of anions
and cations from Ca2+, Mg2+ to Na+ and Cl-, SO4

2-

to HCO3
- in water

(2) The samples with F- concentration greater than
1mg·L-1 accounted for 35.7% and mainly distributed
in the south of the study area. The distribution regu-
larity of high-fluorine water in the shallow under-
ground is poor, which is caused by the control of
hydrochemical environment, climate, and human
influence. In the groundwater with different concen-
trations of F-, the composition ratio and change law
of anion and cation are also different

(3) The soil and groundwater in the study area are
alkaline; the regional climate and hydrochemical
environment promote the dissolution of F- from
minerals or soil and enhance the concentration of
F- in water to a certain extent. An important con-
dition for the formation of high-fluoride water is
the coexistence of alkaline and high HCO3

- with
evaporation and condensation; the dissolution-
precipitation equilibrium of fluorite, gypsum, cal-

cite, and dolomite and the alternating adsorption
of anions and cations are the main controlling fac-
tors for the formation and distribution of high-
fluoride water
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Cement-based grout has been widely used in various civil engineering applications. However, the filtration behaviors of it when
grouting the porous geological masses vary a lot under different grouting conditions, which significantly influences its penetration
and the enhancement effect. The purpose of this work was to better understand the filtration of cement-based grout in porous
sand by conducting a series of visualized laboratory tests and EDTA titration tests. The experimental results show that the
cement filtration, including the penetration, retention, and formation of cement filter cake above the grouting body, is
collectively influenced by different grouting factors. With the increase of the soil samples’ pore size and the cement slurry’s
water-cement ratio, the penetrated distance and amount of cement in sand increase. However, the penetration does not
increase monotonically with the grouting pressure. Too excessive grouting pressure (e.g., 300 kPa in this study) accelerates the
formation of cement filter cake and thus stops the subsequent cement infiltration. The mechanisms of different filtration
behaviors were explained from microscopic particle clogging in the pore throat of the porous media. Furthermore, the reduced
permeability of the sand column with the retained cement due to filtration was discussed, and the dewatering phenomenon of
the cement slurry after filter cake formation was first revealed.

1. Introduction

Grouting is widely used in geotechnical applications, includ-
ing sealing tunnels and underground excavations, reducing
or stopping water inflow, and enhancing the fractured rock
and soil [1–3]. At present, there are mainly two types of
materials used for grouting reinforcement, e.g., cement-
based grout and chemical grout. As the cement-based grout
has a low environmental impact and affordable cost, it is
extensively utilized in numerous civil engineering applica-
tions [4–7]. However, with the cement suspensions (cement
slurry) seeping into the grouting body, the solid cement par-
ticles are retained by the pore throat of porous media at dif-
ferent locations (called filtration effect [8]). The void ratio of
the porous grouting body decreases significantly due to the
filtration, reducing the cement’s infiltration (penetration)
and influencing the enhancement effect. Thus, much exper-
imental and analytical research has been conducted to inves-
tigate the filtration effect of cement and its deciding factors.

Herzig et al. [8] proposed that the filtration of the sus-
pensions through porous media is related to various factors,
namely, the carrier fluid (including flow rate, viscosity), the
suspensions of particles (e.g., concentration, particle size),
and the porous medium filter (porosity, pore size). Xu and
Bezuijen [1] studied the bentonite slurry penetration in front
of the slurry TBM. They proposed two stages of penetration:
mud spurt and filter cake formation. Additionally, they indi-
cated that the theoretically maximum penetration distance
estimated by the well-known penetration distance function
proposed by Krause [9] and Broere [10] is much greater than
the measured value, as the filtration is not considered accu-
rately. Yousif et al. [11] discussed the effect of pore levels on
physical plugging and proposed the value of the reduced
permeability after plugging is proportional to the square of
D15 of the porous media and d85 of suspensions. Ma et al.
[12, 13] studied the non-Darcy hydraulic properties, defor-
mation behaviors, and failure patterns of rock in under-
ground mining. Zhou et al. [14] studied the effect of
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different grouting methods, i.e., constant flow rate and
constant pressure, on the penetration of cement slurry
and proposed that the excessive grouting rate or pressure is
not conducive to the penetration. Additionally, the water-
cement ratio (W/C ratio), defined as the weight ratio
between water and cement in the cementitious mix, is a
critical grouting factor that determines both the carrier
fluid’s viscosity and the solid particle concentration. Axels-
son et al. [15] discussed the influence of the water-cement
ratio (W/C = 1 ~ 3) on the sand’s penetrability and proposed
that the higher water-to-cement ratios result in a larger pen-
etration area. Additionally, the water-cement ratio and the
pore size of the porous media collectively determine the
cement penetration.

Previous research has shown that the filtration behaviors
of cement-based grouts differ considerably under different
grouting conditions, which are influenced by the pore size
of porous media, the water-cement ratio, and the grouting
rate or pressure simultaneously. However, the mechanisms
of different filtration behaviors remain unclear, and the
coupled effects of these grouting conditions are not well
understood. In addition, in previous studies about saturated
sand column grouting, the water-cement ratio of the grout-
ing materials was typically greater than 1. The study of the
low W/C-ratio grout in saturated sand, which is a common
grouting condition for the backfill grouting for shield tun-
nels, is rare. Therefore, the purpose of the present work is
to better understand how the abovementioned grouting fac-
tors influence the filtration behaviors under low W/C ratio
grouting conditions and discuss the filtration mechanisms
from a microscopic view of particle clogging.

To predict the slurry penetration process in most
numerical or analytical studies (Herzig et al. [8], Bouchela-
ghem and Vulliet [16], Saada et al. [17], Kim and Whittle
[18], and Zhou et al. [19]), the variation of the grouting
body’s porosity and the permeability due to filtration is crit-
ical for both constructing the theoretical equations and
determining the value of filtration-relevant coefficients. The
measurement of the penetrated cement content is funda-
mental to understand the filtration and predict the grout
penetration in porous media. However, for sand samples,
the loose packing structure increases the difficulties and
inaccuracy of the cement content’s measurement at different
depths. Recently, Li et al. [5] studied the dispersion of
cement grout in sand through the Ethylenediaminetetraace-
tic Acid (EDTA) titration test. As this method could obtain
the accurate cement content from loose sand samples, it
was utilized in this work to study the distribution of the pen-
etrated cement content in the soil after grouting.

By conducting a series of visualized laboratory tests and
EDTA titration tests, the development of the cement’s pene-
trated distance and content in the sand under different
grouting conditions was systematically analyzed. The main
aim of the paper is to investigate the following key questions:

(1) To evaluate the effect of the pore size of the soil col-
umn, water-cement ratio, and grouting pressure on
cement filtration in saturated sand. And the turning
points of different conditions were analyzed

(2) To calculate the contribution of cement content due
to the filtration on the permeability coefficient of sat-
urated sand column

(3) To explain the mechanism of the cement filtration in
the grouting body and the formation of the cement
filter cake above the grouting body

2. Materials and Methods

2.1. Materials. The grouting material used in this study is P.
O42.5 Portland cement, and its grading curve is shown in
Figure 1. The particle size distribution of the cement parti-
cles was obtained by the laser particle size analyzer; and eth-
anol was used as the dispersing solvent to avoid the
hydration reaction of the cement slurry. The DV3T rota-
tional rheometer was utilized to acquire the viscosity and
access the rheological properties of slurries with different
water-cement ratios (see Figure 2).

Three kinds of sand samples with different particle size
ranges were utilized as the grouting body, named fine sand
(0.1-0.5mm), medium sand (0.25-1.2mm), and coarse sand
(0.5-5mm), in the study. The grading curves of these three
sand samples are shown in Figure 3. The parameters of these
three sand samples are shown in Table 1.

2.2. Methods

2.2.1. Grouting Tests. A fully saturated sand column was
grouted based on the self-developed transparent one-
dimensional grouting device (see Figures 4 and 5). Before
the grouting, the grouting barrel was filled with air, cement
slurry, saturated sand, filter paper, and porous stone from
top to bottom. In the grouting stage, the air compressor
was connected to the upper vent of the grouting barrel to pro-
vide the constant grouting pressure. A pressure regulating
valve was used for constant pressure control. The lower vent
of the grouting barrel was connected to a bucket where the
water with a free surface was stored. The water level in the
bucket was always controlled at the same height as the satu-
rated sand column to provide the conditions of pressure-
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Figure 1: The particle size distribution of the P.O42.5 Portland
cement.
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limited drainage of the actual grouted soil. The grouting time
under constant pressure is set as 3min. We monitored and
recorded the real-time penetration (or diffusion) of the cement
slurry into the sand column during the grouting. After grout-
ing, the cement-sand mixed specimens were sampled in layers
(the thickness of all samples is 1 cm, and a total of 10 were
taken). The EDTA (the Ethylenediaminetetraacetic Acid)
titration method was used to determine the cement content
at different depths of the infiltration into the soil column.

In this experiment, the effects of three factors, namely,
the averaged pore size of sand samples, water-cement ratio
of cement slurry, and the value of constant grouting pres-
sure, on the filtration effect were studied separately. The
details of the grouting tests are shown in Table 2. Tests 1,
2, and 3 used three kinds of sand samples with different par-
ticle size ranges of 0.1-0.5mm, 0.25-1.2mm, and 0.5-
5.0mm. Tests 4, 2, 5, and 6 utilized cement slurry with dif-
ferent water-cement ratios of 0.4, 0.6, 0.8, and 1.0 for grout-

ing. The cement slurry was both prepared with a vertical
mixer. The mixing time is 20min, and the mixing speed
keeps constant with the value of 1000 r/min. The grouting
pressure used in tests 7, 2, 8, and 9 is 100, 200, 300, and
400 kPa. The experimental setups of different grouting tests
were set based on a backfill grouting project for the shield
tunnel.

2.2.2. EDTA Titration Tests. This work used the EDTA titra-
tion method to determine the cement content in grouted soil
samples. We first obtained the EDTA titration curve that
indicates the relationship between the cement content of
sand samples and the titration amount of disodium EDTA
solution by calibration test. Six kinds of samples were pre-
pared in advance, that is, 100 g of saturated sand samples
with the cement content of 0%, 2%, 4%, 6%, 8%, and 10%,
respectively. After leaving the prepared mixed samples to
hydrate for 1 h, we put them into a 105°C oven for 12 h.
After this, the dried samples were taken out, ground, and
poured into a 500ml beaker, and then added an appropriate
amount of weak acid solvent, 10% NH4Cl solution. After
dissolving Ca2+ with sufficient stirring, left them for 3 h. A
large amount of Ca2+ ions and a small amount of Fe3+,
Al3+, etc. were left in the solution. The following is the chem-
ical formula of this process:

Ca OHð Þ2 + NH4Cl = CaCl2 + 2NH3 · H2O ð1Þ

Subsequently, 10ml of the clear upper solution was
pipetted into a 200ml conical flask, and 50ml of 1.8%
NaOH solution and 2ml triethanolamine were added,
adjusting the pH of the solution to be greater than 12.5. In
the alkaline environment, triethanolamine made Fe3+, Al3+

and a small amount of Mg2+, Mn2+ form a precipitate, so
the reaction between the disodium EDTA standard solution
and Ca2+ was not interfered. Then, 0.2 g of calconcarboxylic
acid indicator was added to the filtrate, and the filtrate was
shaken well to form a red chromium complex of Ca2+. Later,
the filtrate was titrated with 0.1mol/m3 of disodium EDTA
standard solution and kept shaking. The chemical formula
for the reaction occurring in the mixture is as follows:

Ca2++Xn2− CaXn roseð Þ
Ca2+ + Y2 − CaY colorlessð Þ
CaXn + Y2− CaY colorlessð Þ + Xn2− solid blueð Þ

ð2Þ

where Xn
2− stands for the anions involved in the reaction

in the calconcarboxylic acid indicator, and Y2− represents
the anions involved in the reaction in EDTA disodium.

Table 1: Parameters for sand samples in the study.

Sand
Nonuniformity

coefficient
Coefficient of
curvature

Relative
compactness

Coarse 2.02 0.84 0.72

Medium 1.44 0.80 0.70

Fine 1.15 1.00 0.66
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Figure 3: The grading curves of three sand samples.
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In the solution with pH greater than 12.5, Y2− is easy to
combine with Ca2+, forming a colorless chromium complex
CaY, which is more stable than the chromium complex Ca
Xn formed by the Xn

2− and Ca2+. Therefore, when the C
a2+ solution in the presence of calconcarboxylic acid
dropped into the standard solution of EDTA disodium, the

EDTA disodium would take away Ca2+ in CaXn (rose com-
plex) and make the calconcarboxylic acid Xn

2− free out.
When the rose complex is completely consumed, the mixed
solution changes to its original color of calconcarboxylic
acid, which is solid blue (see Figure 6). This titration amount
is the consumption of EDTA disodium titration amount
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Figure 4: Grouting device.

Water
Air compressor

Camera Cement

Saturated sand

Porous stone

Pressure limiting drainage

Pressure regulating valve

Filter paper

High-pressure air

(a) Schematic diagram of the grouting process

(b) Photos of sampling process
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corresponding to the cement content of saturated sand
samples.

For each type of soil (with different particle sizes), we
conducted titrations on six kinds of samples with different
cement contents (each was titrated twice) to obtain titration
curves. The expressions of the titration curve for soil samples
were determined by linear fitting, as shown in Figure 7 and
Table 3.

3. Results

3.1. Penetration Variation of the Cement Slurry in the Soil
Column. The penetration of the cement slurry in the sand
column can be observed through the transparent cylindrical
column. Based on EDTA test results, the observed farthest
penetration surface has the cement content of 2.8%. The var-
iations of the penetration with time under different grouting
conditions are shown in Figures 8–10. The solid lines in
these figures indicate the location of the farthest penetration
surface of the slurry, and the dashed lines represent the loca-
tion of the top surface of the cement slurry (interface
between the slurry and the air). The initial penetration dis-
tance of the slurry at t = 0 s before grouting is not zero
because the slurry seeps and diffuses in porous sand due
to gravity. As shown in Figure 8, the initial penetration
rate is high under the constant grouting pressure and then
gradually decreases. Gradually, the penetration in soil will
no longer increase under grouting. It is because, with the
development of the filtration (retention) of cement, the
retained cement reduces the injectability and the permeabil-
ity of the soil column, resulting in a decrease or stoppage of
subsequent cement penetration. After the penetrated slurry
stabilizes, the top surface of the cement slurry still varies
slowly. It indicates that the cement filter cake forms above
the soil column (discussed in Section 4.3) stops cement par-
ticles’ injecting but allows the water in cement-slurry passing
through. The cement is dewatered instead of penetrating
the soil under pressure. This study defines the maximum
stable penetration length as the maximum slurry penetra-
tion distance. By comparing the slurry penetration in dif-
ferent sand columns, the cement slurry penetrates faster

in coarse-grained sand columns, with a larger maximum
penetration distance and a longer time to reach the maxi-
mum penetration.

Figure 9 demonstrates the effect of grouting pressure on
the penetration. As the grouting pressure is in the range of
100-300 kPa, the slurry penetration rate and the maximum
penetration distance increase with the growth of the grout-
ing pressure. However, when the slurry develops from
300 kPa to 400 kPa, the slurry penetration rate and maxi-
mum penetration distance decrease. The maximum penetra-
tion distance of the slurry under the constant pressure of
100-400 kPa is 27mm, 36mm, 44mm, and 38mm, respec-
tively. This study’s maximum penetration occurs at a grout-
ing pressure of 300 kPa. Since the maximum penetration
distance is not always positively correlated with the grouting
pressure, the enhancement effect in practical grouting pro-
jects does not increase continuously with the growth of the
grouting pressure. In some grouting conditions (where par-
ticles are blocked and a filter cake forms), too high grouting
pressure will aggravate cement filtration and reduce cement
penetration.

As shown in Figure 10, with the growth of the water-
cement ratio, the cement slurry penetration rate and the
maximum penetration distance increase, and the time to
reach the maximum penetration distance is delayed. It is
noteworthy that in all of our grouting tests, the cement top
surface continues to decrease after penetration has stabilized.
It implies that the cement filter cake forms above the soil
column (discussed in Section 4.1) in all grouting tests.

3.2. The Penetrated Cement Content and Total Injected
Amount in the Soil Column. From Figure 11, the penetrated
cement content increases with the growth of the particle
sizes of the sand column. The larger the sand particle size
is, the larger the averaged pore sizes of the saturated sand
column will be. The cement particles are less likely to be
retained, and more cement particles can be injected and pen-
etrate soil. However, with the increase of grouting pressure,
the penetrated cement content in the soil exhibits a trend
of increasing first and then decreasing (see Figure 12). When
the grouting pressure increases from 100 kPa to 300 kPa, the
cement contents at different depths increase with the growth
of the grouting pressure. However, the cement content
decreases as the grouting pressure increases from 300 kPa
to 400 kPa. It is because the excessive grouting pressure
results in a significant filtration effect. The cement filter cake
that prevents the subsequent cement particles from penetrat-
ing soil forms more quickly at the higher grouting pressure.

Additionally, as is shown in Figure 13, the penetrated
cement contents in the soil increase with the development
of the cement slurry’s water-cement ratio. The viscosity of
cement slurry decreases as the water-cement ratio increases
(see Figure 2). Thus, the slurry with the greater water-
cement ratio can be injected into soil at a higher rate under
the same grouting pressure. In addition, the cement particle
clogging decreases as the solid volume concentration of the
high-water-cement slurry is lower (as discussed in Section
4.1), thus the penetration increases. However, when the
water-cement ratio is greater than 0.8 in this work, the

Table 2: Parameters for grouting experiments.

No. of
tests

Influencing
factor 1

Influencing
factor 2

Influencing
factor 3

Particle size
range (mm)

W/C
Grouting

pressure (kPa)

1 0.1-0.5 0.6 200

2 0.25-1.2 0.6 200

3 0.5-5.0 0.6 200

4 0.25-1.2 0.4 200

5 0.25-1.2 0.8 200

6 0.25-1.2 1 200

7 0.25-1.2 0.6 100

8 0.25-1.2 0.6 300

9 0.25-1.2 0.6 400
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increase of cement penetration with the growth of the water-
cement ratio is not significant. It is inferred that the injected
cement particle concentration decreases with the increase of
the water-cement ratio, and thus, the solid cement content
in the soil does not increase significantly.

The total penetrated amounts of cement in the soil col-
umn under different grouting conditions are calculated
based on the distribution of cement content in the soil col-
umn. According to Axelsson et al. [15], the ratio between
the cement grain size and the available opening of the pores
is critical to assess the extent of cement’s stoppage. In this
work, the size of the available opening is calculated by
hydraulic measuring method based on Kozeny-Carmans
equation [19] and Axelsson et al. [15], as shown below:

bK−C =
n

1 − nð Þ ⋅ S0
⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffi

12 ⋅ C3
p

, ð3Þ

where n is the porosity of the soil column, measured during
the experiments (see Table 4). S0 represents the specific sur-
face area, determined from the grain distribution curves (see
Figure 1). v is the fluid’s kinematic viscosity, and C3 repre-
sents the shape factor constant that is set as 0.2 for spherical

grains according to Carman [20], who conducted an exten-
sive literature survey and concluded that this value is rela-
tively constant for spherical grains. Additionally, the size
ratio of the opening to the d90 of cement particle bK−C/d90
can be obtained, as shown in Table 4.

The relationship between the bK−C/d90 and the total
amount of injected cement is shown in Figure 14. With the
increase of the value of bK−C/d90, the penetrability of the soil
is greater, and thus, more cement particles are penetrated the
soil column. The relationship between the water-cement
ratio and the total amount of injected cement is also pre-
sented. From Figure 15, the total cement amount positively
correlates to the water-cement ratio. Nevertheless, when
the water-cement ratio is greater than 0.8, the solid grouting
amount no longer increases with the improvement of the
water-cement ratio. As for the grouting pressure, with the
increase of the grouting pressure, the total amount of cement
injection is positively correlated with the grouting pressure
when pressure is lower than 300 kPa (see Figure 16). With
the further increase of the pressure, the total amount of
cement penetration decreases due to the cement filter cake
forming more quickly. The cement particles could not be
injected into the soil after the formation of cement filter
cake, which will be discussed in Section 4.1.

4. Discussion

4.1. Mechanism of Filtration Effects from the View of Particle
Clogging in the Pore Throat. From a microscopic view, when
cement particles pass through porous media, they can clog
or get stuck in the pore throats (openings) of the porous
media (filtration). The particle clogging in the pore throats
could be classified as two types (see Figure 17): (a) intercep-
tion, as the cement particle is larger than the pore throat; (b)
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Figure 6: Colors of titrated solution.
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Table 3: Calibration curve of EDTA titration method in the study.

Size Rating curve R2

Coarse sand y = 2:4129x + 1:919 0.9722

Medium sand y = 2:53x + 0:3667 0.9979

Fine sand y = 2:6314x + 0:2095 0.9948
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formation of clogging arch (or named jamming arch), as an
arc containing particles can build up in the pore throat
which stops the particle flow (the cement particle is smaller
than the pore throat). For the latter type of particle clogging,
the occurrence of particle clogging at an opening (pore
throat) has stochastic property [21–26]. Based on previous
studies, the clogging probability is determined by three fac-
tors: (a) the solid concentration of the particle flow; (b) the
size ratio of the particle to the opening; and (c) the fluid
velocity through the opening. These three factors have a
coupled effect on the particle clogging probability and the
occurrence time of the clogging.

The probability of particle clogging decreases as the solid
concentration of the suspension decreases. For cement-
based grouting, a higher water-cement ratio means a lower
solid concentration of particles. Therefore, particle clogging
is less likely to happen as the water-cement ratio increases.
Fewer particles are clogged and retained by the pores, and
thus, more cement particles can penetrate the soil. Addition-
ally, the clogging probability decreases with increasing the
size ratio of opening to the passing particles. Therefore, the
cement particles are less likely to become clogged in the
pores of the coarse sand column, and the penetration of sub-
sequent particles increases. As for the effect of grouting pres-
sure on filtration, it can be explained from the effect of the
passing velocity of particles on the particle clogging.

Mondal et al. [22] and Dai and Grace [23] found that
with increasing the flow velocity of the suspension, the clog-
ging probability increases, and the clogging occurs more
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quickly. A higher fluid velocity causes more particles to pass
through the opening simultaneously, which is prone to
forming the clogging arch. In this work, with the increase
of the grouting pressure, the flow velocity of cement slurry
increases. More particles pass through the pore throat simul-
taneously, and thus, more particles are clogged and retained
in the pores. Although more cement particles are injected at
higher pressure, excessive pressure will accelerate the clog-
ging occurrence and stop the subsequent penetration of
cement particles. Thus, the cement penetration distance
and amount do not increase monotonously with the growth
of the pressure. It is noted that in the laboratory test of Ma
et al. [4], the penetration increases monotonously with pres-
sure. It is because the other two factors also influence parti-

cle clogging. There is a threshold opening-particle size ratio
for the clogging occurrence, which means that regardless of
hydraulic grouting conditions, clogging will not occur [23]
(particle clogging probability is 0). In this situation, the
higher pressure lets more cement particles penetrate the soil
without increasing particle clogging. Thus, the cement pene-
tration shows a positive correlation to the grouting pressure.

Once the cement particles eventually clog the soil sam-
ples’ pores thoroughly, a dense cement cake forms above
the soil column (see Figure 18(d)). This cake, also called
the filter cake, can be seen as a porous filter constructed by
the fine cement particles and the soil particles. It will stop
the solid cement particles from penetrating and just allow
the water in slurry to pass through. The filter cake is formed
at the contact surface between the soil and the slurry because
the slurry’s velocity and the solid concentration at the con-
tact surface are maximum, which is most conducive to par-
ticle clogging.

The formation condition of cement filter cake can be
analyzed by the critical opening-particle size ratio for the
particle clogging occurrence [15, 23], which means the clog-
ging definitely happens (particle clogging probability is 1) as
the opening-particle size ratio is smaller than this value.
From the research on the clogging of cement particle [15]
in sand, this critical value is 3. In this study, we observed
the cement filter cake in all of our grouting tests. The values
of bK−C/d90 for different soil samples in this work are all
smaller than or equal to 3 (see Table 4), which are consistent
with the critical value proposed by previous research [15].

4.2. Reduced Permeability of the Soil Column after the
Cement Infiltration. From numerous studies dealing with
the permeability of sand, the value of permeability coefficient
k is determined by the physical properties of the fluid, the
soil particles, and the porosity of the packed sands. With
the cement particles retained (or called penetrated) in the
soil column due to filtration, the porosity and the specific
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surface area of the soil decrease. Accordingly, the value of
the soil column’s permeability is reduced. According to
widely used Kozeny-Carman function [19], the permeability
coefficient k of soil can be calculated by

k = g
vC

× 1
S20

× n3

1 − nð Þ2 , ð4Þ

where S0 represents the specific surface area, v is the fluid’s
kinematic viscosity, and n is the porosity of the soil column.
C represents the Kozeny–Carman constant, reported as five

by Zhou et al. [19] for uniform spheres. When the cement
particles are retained in the soil column, they become a part
of the porous media. The cement particle’s specific surface
area and the solid volume should be substituted into Equa-
tion (4) to calculate the permeability of the soil column after
the cement filtration. The dependence of the cement parti-
cles on the permeability of the medium-sized soil column
utilized in this work is shown in Figure 19.

From this figure, with the increase of the retained
cement content in the soil column, the permeability of the
soil column k decreases. When cement content is larger than
2%, the permeability of the medium-sized soil column uti-
lized in this work decreases almost exponentially. The value
of k with a cement content of 10% is approximately 10-3

times that for the clean saturated soil column. The reduced
permeability means that the fluid pressure is dramatically
lost in the soil column; accordingly, the cement’s subsequent
penetration rate and distance decrease.

4.3. Dewatering of the Cement Slurry after the Formation of
Filter Cake. With continuous grouting, the cement particles
clog the soil samples’ pores and form a dense cement cake
above the soil column (see Figure 18(d)). After the filter
cake’s formation, the maximum penetration distance of the
slurry in soil tends to stabilize. However, the upper surface

Table 4: Measured porosity for the different sands and specific
surfaces determined from the grain distribution curves.

Sand Porosity (%)
Specific surface

(m-1)
bK−C (μm) bK−C/d90

Coarse 30.3 5538 122 3.0

Medium 35.1 8529 98 2.4

Fine 39.2 15080 66 1.6
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of the cement slurry continues to develop gently under the
grouting pressure, as shown in Figures 8–10 and sketched
in Figures 18(c) and 18(d). That means that the water in
cement slurry is drained out (dewatering) because of mass
conservation and the incompressibility of the slurry. The
formed filter cake stops cement particles’ injecting but allows
the water in cement-slurry passing through. This phenome-
non that slurry is dewatered and thicken above the grouting
body after the filter cake formation should be noticed in the
grouting design for practical projects.

5. Conclusions

In this study, laboratory tests are conducted to study the fil-
tration of cement-based grouting in saturated sand. By uti-
lizing the visualization grouting device and the ETDA test,
the variation of the penetration distance with time and the
cement content distribution in the soil column can be mea-
sured. The influence of three factors, namely, sand samples’

pore size, cement slurry’s water-cement ratio, and the value
of constant grouting pressure, on the filtration behaviors
was discussed in detail. The main conclusions are obtained
as follows:

In the case of the same grouting materials, with increas-
ing the ratio size of the pore size to cement particles, the
infiltration (or called penetration) depth and the amount
increase significantly regardless of the hydraulic grouting
conditions.

The cement penetration does not continuously increase
with the growth of the grouting pressure. Excessive grouting
pressure will accelerate the formation of the filter cake and
decrease the subsequent cement particle infiltration.

With the growth of the water-cement ratio, the cement
slurry penetration rate and the maximum penetration dis-
tance increase continuously. While, in this work, when the
water-cement ratio exceeds 0.8, the improvement of the
cement penetration by increasing the water-cement ratio is
not significant.

The reduced permeability of the soil column because of
the cement filtration (retention) was analyzed. When the
retained cement content is larger than 2%, the permeability
k decreases almost exponentially with the increase of the
cement content. The value of k for soil with 10% retained
cement content is approximately 10-3 times that for the clean
saturated soil. In the lower-permeable soil column, fluid
pressure loses more, reducing subsequent penetration rates
and the distance.

Additionally, pressure filtration of the cement slurry
(dewatering and thickening) was observed after the forma-
tion of the cement filter cake (see Figure 19). This decreases
the effectiveness of cement grouting since subsequent grout-
ing cannot penetrate the soil.

From the viewpoint of particle clogging in the pore
throats of the grouting body, the abovementioned grouting
parameters determine the probability and occurrence time
of particle clogging collectively, leading to different filtration
behaviors. More clogging means less penetration, and the fil-
ter cake forms more quickly. To alleviate filtration and inject

Filter cake

Pore water

Sand particle

Water in cement
slurry 

Cement particles

Constant pressure Constant pressure

High-pressure air
High-pressure air High-pressure air

Constant pressure Constant pressure

(a) (b) (c) (d)

Figure 18: Schematic of the development of the cement penetration, retention into the soil, and the cement filter cake formation above the
soil column.
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more cement, particle clogging should be avoided by
increasing the size ratio of the pore of the grouting body to
cement particles, the water-cement ratio, and choosing an
appropriate grouting pressure.

It is noted that the rheological behavior of cement slurry
also plays a crucial role in the filtration effect of the cement-
based grouts [2, 15]. In this work, the cement slurry does not
harden significantly during the short grouting time. Thus,
the rheological physics of the cement slurry and its influence
on filtration is out of the scope of this work and will be dis-
cussed in our future work. The results obtained in this work
are helpful to understand the whole filtration process, the
mechanism of filtration behaviors, and their deciding fac-
tors. Some suggestions are also provided for determining
the appropriate grouting parameters for practical grouting
projects.
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Grouting in deep, loose layers are a complex process in which many modes such as infiltration, splitting, and compaction coexist.
It is of great significance to establish a realistic, simplified physical model to study the law of slurry diffusion. Herein, a cylindrical
diffusion model of radial tube flow is established, and the control differential equations of both the Bingham slurry diffusion
velocity in a single tube and the diffusion velocity of the radial tube flow are deduced. Additionally, the calculation formulas
for the diffusion radius and slurry pressure distribution function are obtained. The rationality of the theory is verified by
combining our results with those of the field grouting test of the Guotun coal mine. The results show that the cylindrical
diffusion model of radial tube flow can successfully characterize the slurry diffusion law of grouting in a deep, loose layer. The
slurry pressure attenuation shows distinguishable stages: within the first 30% of the diffusion radius, the slurry pressure
decreased sharply by approximately 70%, and the slurry pressure decreases slowly in the later stages. Furthermore, the
diffusion radius has a nonlinear, negative correlation with the height of the grouting section and the comprehensive injection
rate of formation; the change rate is relatively more gradual, and there are no distinguishable stages. The research results
provide a theoretical basis for reasonably determining the grouting parameters of deep, loose layers in the future.

1. Introduction

As a common treatment method for antiseepage, plugging,
and reinforcement of underground engineering, grouting
methods are widely used in mine water plugging and rein-
forcement, water and mud inrush treatment in tunnel fault
fracture zones, foundation pit supports, dam reinforcement,
and other fields [1–3]. Grouting in deep and loose layers has
the typical “three high characteristics” of high ground stress,
high permeability, and high grouting pressure [4, 5]. In addi-
tion, the uncertainty of the change in soil layer properties
during the deposition process leads to many modes of slurry
diffusion, such as splitting, permeability, and compaction,
and its diffusion mechanism and design theory have signifi-
cantly lag between engineering practice and research [6, 7].

Regarding the diffusion of split grouting slurry, the main
established mathematical models include the flat-plate diffu-
sion model that does not consider the change in crack width
and the plane radiation circle diffusion model that does con-
sider the change in crack width [8–10]. The main research
topics are slurry diffusion radius and velocity distribution,
pressure distribution, and viscosity temporal and spatial dis-
tribution in the process of migration. Regarding infiltration
grouting, numerous studies have been conducted with a
combination of different flow patterns of slurry and different
diffusion models. The slurry flow patterns of Newtonian,
Bingham, and power-law fluids have been investigated. The
established diffusion models mainly include the spherical,
cylindrical, and cylindrical-hemispherical models [11–14].
Regarding compaction grouting, the fluid–solid coupling
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effect between the slurry and soil is mainly studied in com-
bination with the theories of ball hole expansion or column
hole expansion and soil nonlinear compaction. The research
focus is mainly on considering different yield criteria, dilat-
ancy, strain softening, different moduli of tension, and com-
pression of soil [15–17].

The above researches ignored the tortuous effect in the
process of slurry diffusion and assumed that the diffusion
channels of slurry were straight. There was a large deviation
between the theoretical calculation results and the engineering
practice. Through comparison, some scholars [18–20] have
found that the slurry diffusion law considering the tortuous
effect was more consistent with the grouting test results, and
the calculation error was smaller. It is of great significance to
consider the tortuous effect in the design of grouting parame-
ters in porous media. In addition, the abovementioned
research only discusses a particular diffusion mode of the
slurry, but the process of grouting in deep, loose layers
involves multiple diffusion modes [21, 22]. The grouting the-
ory of the single diffusion mode cannot be applied when
designing the grouting parameters in deep, loose layers. The
grouting construction parameter design is not significantly
influenced by the slurry diffusion mode but focuses on the
design of parameters such as grouting pressure and diffusion
radius [23, 24]. Therefore, it is necessary to establish a grouting
diffusion theory suitable for deep, loose layers, which simulta-
neously weakens the slurry diffusion mode and can be better
suited to guide the design of grouting parameters.

Grotenhuis et al. [25, 26] characterized the slurry diffusion
channel in sand with a straight circular tube and assumed the
diffusion of the slurry in the sand to be represented by the flow
of the slurry in the circular tube. The model can characterize
both the split grouting and infiltration grouting mechanisms
and can be used to calculate parameters such as the grouting
pressure and diffusion radius. Based on this and considering
the tortuous effect of the slurry diffusion path, this study con-
siders the slurry diffusion channel in sand to be a tortuous cir-
cular tube and establishes the cylindrical diffusion model of
the radial tube flow of the slurry in a deep, loose sand layer.
First, the control differential equation of the Bingham slurry
diffusion velocity in a single tube is derived, and the perme-
ability coefficient considering tortuosity is used to replace the
average radius of the seepage tubes in the injected layer within
the differential equation. Subsequently, the diffusion velocity
control equation of the radiation tube flow is derived, and
the calculation formulas for the diffusion radius and slurry
pressure distribution function are obtained. Finally, combined
with the field grouting test results of the Guotun coal mine, the
rationality of the theory is verified, and the attenuation law of
the grouting pressure and the influential factors on the diffu-
sion radius are discussed for the diffusion area. The research
results provide a reference for future guidance of the design
of grouting parameters in deep and loose layers.

2. Cylindrical Diffusion Model of
Radial Tube Flow

2.1. Basic Assumptions and Model Establishment. To sim-
plify the calculation and establish the diffusion model of

the slurry in a deep, loose sand layer, the following assump-
tions are made within this study:

(1) The diffusion mode of the slurry in the layer is weak-
ened, and the diffusion of slurry in splitting cracks
and pores is regarded as the flow of slurry in
tortuous tubes

(2) The slurry is an incompressible Bingham fluid, and
the slurry flow pattern does not change during
grouting

(3) The slurry velocity on the inner wall of the tube is 0,
which satisfies the no-slip boundary condition

(4) The energy loss of the slurry flowing through the
bend of the tube was ignored

Based on the abovementioned assumptions, a cylindrical
diffusion model of the radial tube flow of the slurry in a
deep, loose sandy soil layer is constructed, where the height
of the grouting section is h, and the diffusion radius is R. N
horizontal circuitous circular tubes with radius r 0 radiate
from the vicinity of the grouting tube, where r0 is the com-
prehensive average radius of the tubes, and the diffusion of
the slurry in the sand layer is regarded as the flow of the
slurry in circuitous circular tubes. The specific values of N
and r0 of the tubes are difficult to determine, but it is possi-
ble to simplify the theoretical derivation process by eliminat-
ing these two parameters. Therefore, a cylindrical surface
coaxial within the grouting tube is selected, where the height
of the cylindrical surface is equal to the height h of the grout-
ing section ,and the radius is set to R0, which satisfies the fol-
lowing requirement:

Nπr20 = 2πR0h: ð1Þ

It is worth noting that R0 is neither the grouting tube
radius nor the drilling radius. This cylindrical surface is an
imaginary cylindrical surface selected for the convenience
of the subsequent theoretical derivation, which is referred
to as the virtual divergent surface in this study. According
to Equation (1), the sum of the cross-sectional areas of all
tubes is equal to the side surface area of the divergence sur-
face, which is equivalent to the radial divergence of the
slurry from the virtual divergence surface within the tortu-
ous circular tube. A schematic of the diffusion model is
shown in Figure 1.

2.2. Diffusion Velocity Control Differential Equation of
Bingham Slurry in a Single Tube. The Bingham fluid rheo-
logical equation is as follows [27]:

τ = τ0 + ηg _γ, ð2Þ

where τ is the shear stress between grout layers, τ0 is the
shear yield strength of the slurry, ηg is the viscosity coeffi-
cient of the slurry at 25°C, and _γ = −dv/dρ is the shear rate
of the slurry.
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The actual length of the tortuous circular tube is χðR −
R0Þ, the radius is r0, the slurry pressure upon entry is the ini-
tial grouting pressure, and the slurry pressure at the end is
the hydrostatic pressure pw at this point. The x-axis of the
natural coordinate system along the axis of the tortuous cir-
cular tube is established, and the intersection of the x-axis
and the grouting tube axis is taken as the coordinate origin.
The slurry flow direction is along the positive x-axis. ½0, R0�
is the straight-line section, and [R0, χðR − R0Þ + R0] is the
tortuous section, as shown in Figure 2(a). The attenuation
value of the slurry pressure along the x-axis was set as pðxÞ
. Note that the value of pðxÞ represents the attenuation value
of the slurry pressure, which is therefore distinguished from
the slurry pressure. The boundary conditions are

x = R0, p = 0,
x = χ R − R0ð Þ + R0, p = p0 − pw:

(
ð3Þ

A section of the cylindrical fluid microelement with
radius ρ and length dx and its axial force is shown in
Figure 2(b), which is obtained from the equilibrium condi-
tions of the axial force:

p0 − p x + dxð Þ½ � − p0 − p xð Þ½ �f g ⋅ πρ2 + τ ⋅ 2πρ ⋅ dx = 0, ð4Þ

which can be simplified to

p x + dxð Þ − p xð Þ = 2τ
ρ
dx: ð5Þ

Let dp = pðx + dxÞ − pðxÞ, and then Equation (5) can be
simplified to

dp = 2τ
ρ
dx: ð6Þ

Therefore, along the slurry flow direction, the pressure
attenuation gradient can be expressed as follows:

λ = dp
dx = 2τ

ρ
: ð7Þ

The pressure attenuation gradient, λ, is the attenuation
speed of the pressure along the flow direction. It can be seen
from Equation (7) that λ is positively correlated with the
slurry shear stress, τ, and negatively correlated with radial
distance, ρ. τ is positively correlated with the slurry viscosity.
The greater the viscosity, the more difficult it is to overcome
the shear stress, the greater τ is, and the faster the pressure
attenuation is. When the radial distance ρ is equal to the
tube radius r0, the average starting pressure gradient of
the slurry flowing in the tube is

λ0 =
2τ0
r0

, ð8Þ

where λ0 is the average starting pressure gradient of the
slurry, τ0 is the shear yield strength of the slurry, and r0 is
the comprehensive average radius of the tubes, which is pos-
itively correlated with the effective porosity of sand, and is
the parameter after homogenizing the pore channel size of
sand. According to [28], the calculation formula for r0 is

r0 =
∑n

i=1Nir
4
i

∑n
i=1Nir

3
i

≈
∑n

i=1Nir
4
i

∑n
i=1Ni

� �1
4

, ð9Þ

where Ni is the number of tubes with a cross-section radius
of ri ði = 1, 2,⋯, nÞ.

From Equation (7), it is then possible to obtain the
following:

τ = ρ

2 ⋅
dp
dx : ð10Þ

Substituting Equation (10) into Equation (2) results in

−
dv
dρ = 1

ηg

ρ

2 ⋅
dp
dx − τ0

� �
: ð11Þ

When τ ≤ τ0, the slurrymoves as a piston, dv/dρ = 0, with a
radius of rp and a speed of vp. Using Equation (11), we obtain

rp =
2τ0
dp/dx : ð12Þ

When τ > τ0, the slurry moves in a laminar flow. From
Equation (11), we can separate the variables and integrate,
resulting in

v = −
1
ηg

ρ2

4 ⋅
dp
dx − τ0ρ

� �
+ C1, ð13Þ

where C1 is the integration constant.

Stop-grouting plug

R

R0

Clay layer

Sand layer

Clay layer

Slurry column

Seepage tube

Grouting tube

h

Figure 1: Cylindrical diffusion model of radial tube flow.
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Substituting the no-slip boundary condition, i.e., ρ = r0,
the integration constant is determined to be

C1 =
1
ηg

r20
4 ⋅

dp
dx − τ0r0

� �
: ð14Þ

Therefore, the velocity distribution of the laminar flow in
[rp, r0] is

v = 1
ηg

r20 − ρ2

4 ⋅
dp
dx − τ0 r0 − ρð Þ

� �
, ð15Þ

and the fluid velocity of the piston-like flow in [0, rp] is

vp =
1
ηg

r20 − r2p
4 ⋅

dp
dx − τ0 r0 − rp

� �" #
: ð16Þ

The velocity distribution in the circular tube is a trun-
cated paraboloid shape, and the flow rate per unit time, q1,
in a single tube is

q1 = πr2pvp +
ðr0
rp

2πρvdρ: ð17Þ

Substituting Equations (15) and (16) into Equation (17),
we obtain

q1 =
πr40
8ηg

⋅
dp
dx ⋅ 1 − 4

3
rp
r0

� �
+ 1
3

rp
r0

� �4
" #

: ð18Þ

The average velocity, �v, within the tube section is

�v = r20
8ηg

⋅
dp
dx ⋅ 1 − 4

3
rp
r0

� �
+ 1
3

rp
r0

� �4
" #

: ð19Þ

Substituting Equation (12) into Equation (19) results in

�v = r20
8ηg

⋅
dp
dx ⋅ 1 − 4

3
2τ0/r0
dp/dx

� �
+ 1
3

2τ0/r0
dp/dx

� �4
" #

: ð20Þ

From Equation (20), it can be seen that when 2τ0/r0/dp
/dx = 1, �v = 0. Specifically, when the pressure gradient λ = 2
τ0/r0 = λ0, the average flow in the circular tube is 0.

To satisfy dp/dx = λ0 and �v = 0, Equation (20) is rewrit-
ten as

�v = r20
8ηg

⋅
dp
dx ⋅ 1 − λ0

dp/dx −
1
3 ⋅

λ0
dp/dx ⋅ 1 − λ0

dp/dx

� �3
" #( )

:

ð21Þ

In the grouting process, dp/dx≫ λ0 [28], the third term
in the curly bracket of Equation (21) is ignored in order to
obtain an approximate slurry diffusion velocity control dif-
ferential equation, as follows:

�v = r20
8ηg

⋅
dp
dx − λ0

� �
: ð22Þ

Owing to the uneven spatial distribution of the pore
structure in the injected layer, the average radius, r0, of the
seepage tube in the injected layer in Equation (22) is difficult
to measure directly. However, the permeability coefficient
can be easily obtained through laboratory tests. Therefore,
the expression of the permeability coefficient was used to
replace r0 within this study. The relationship between the
permeability coefficient and r0 is derived as follows:

The relationship between the permeability coefficient K
and permeability k is [29]

K = k
γ

η
, ð23Þ

where γ is the gravity of the fluid, and η is the viscosity coef-
ficient of the fluid.

The permeability of porous media is independent of the
fluid characteristics and only depends on the porosity, capil-
lary diameter, and tortuosity of the porous media. The exist-
ing theory only uses porosity and capillary diameter to
characterize the permeability of porous media, without con-
sidering the nonnegligible parameter of tortuosity [28]. It is
worth noting that because permeability is independent of the
fluid characteristics, to simplify the calculation, the fluid

0 R0 R

x

r

0 R0

Seepage tubeNatural coordinate 
system

Tortuous effectNo tortuous effect

Polar coordinate 
system

𝜒(R−R0) + R0

(a)

𝜌
𝜏

dx

p(x) p(x + dx)

(b)

Figure 2: Coordinate system and fluid microelement stress diagram.
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selected in the process of deriving permeability is the lami-
nar Newtonian fluid, which does not conflict with the Bing-
ham fluid studied within this research.

According to the generalized Hagen Poiseuille equation
[30], the flow through all tubes per unit time is

q = nAπr40
8ηχ ⋅

dp
dl , ð24Þ

where q is the flow through the pore section, n is the number
of circular tubes per unit area, A is the cross-sectional area,
and dp/dl is the pressure gradient.

In the laminar flow state, the flow of fluid in porous
media satisfies Darcy’s law, and the flow through the pore
section per unit time is

q = kA
η

⋅
dp
dl : ð25Þ

Through theoretical derivation, Li et al. [31] highlighted
how the tube flow and seepage flow are unified, and the for-
mulas of the two mathematical models are equivalent; they
are simply expressed by different parameters. In combina-
tion with Equations (24) and (25), the permeability consid-
ering tortuosity is

k = nπr40
8χ : ð26Þ

The porosity of the tube model is

φ = nπr20χ: ð27Þ

When combining Equations (26) and (27), we find

k = φr20
8χ2 : ð28Þ

Therefore, the permeability coefficient considering
tortuosity is

K = φr20γ
8ηχ2 : ð29Þ

Setting the viscosity ratio of slurry to water to β, we
obtain

β =
ηg
ηw

, ð30Þ

where ηw is the viscosity coefficient of water at 25°C.
Combining Equations (29) and (30) results in

r20
8η = χ2Kw

βφγw
, ð31Þ

where Kw is the permeability coefficient of water in a porous
medium.

Therefore, Equation (22) can be transformed into

�v = χ2Kw

βφγw
⋅

dp
dx − λ0

� �
: ð32Þ

Equation (32) is the approximate slurry diffusion veloc-
ity control differential equation of the Bingham slurry in a
single tube.

2.3. Diffusion Velocity Control Equation of Radial Tube Flow.
The flow and diffusion path of the slurry in the deep, loose
layer was tortuous, as shown in Figure 3. Tortuosity is used
to characterize the tortuous effect of fluid particle motion
diffusion [32, 33], which is commonly defined as

χ = lt
l
, ð33Þ

where χ is the tortuosity of the tube which commonly takes
the values obtained by related scholars of 1.4~ 1.6 [28]. The
average value used within this research is 1.5, lt is the actual
length of the diffusion trace, and l is the effective length of
the diffusion path.

The effective porosity of the injected layer is the ratio of
the pore volume filled by the slurry to the volume of the
injected soil layer, and the relationship with the porosity of
the soil layer is

φ′ = αφ, ð34Þ

where φ′ is the effective porosity of the injected layer, φ is
the actual porosity of the injected layer, and α is the pore
injection coefficient of approximately 0.15~0.2 for silty clay
and 0.3~ 0.5 for soft soil and fine sand [34].

In the hollow cylindrical layer of [R0, ðx − R0Þ/χ + R0],
the effective porosity is

φ′ = Nπr20 x − R0ð Þ
πh x − R0ð Þ/χ + R0½ �2 − R2

0
� 	 : ð35Þ

Combining Equations (1) and (35) results in

φ′ = 2χ2R0
x + 2χ − 1ð ÞR0

: ð36Þ

It can be seen from Equation (36) that the effective
porosity decreases with an increase in the diffusion distance,
which is consistent with practice. An increase in the slurry
diffusion distance means that the slurry pressure gradient
gradually decreases. When it is less than the starting pres-
sure gradient of the slurry flow in small tubes, the slurry will
not enter these small tubes. When the distance from the
grouting tube increases, the number of pores that the slurry
can enter gradually decreases; that is, the effective porosity
gradually decreases.
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The slurry column radius can be obtained by combining
Equations (34) and (36), such that

R0 =
αφ

2χ2 − 2χ − 1ð Þαφ x: ð37Þ

It can be seen from Equation (37) that during grouting,
the slurry column radius changes with the change in effec-
tive porosity and diffusion distance, which is not a fixed
value.

Let

ξ = αφ

2χ2 − 2χ − 1ð Þαφ , ð38Þ

where ξ is a parameter selected to simplify the formula,
which is related to α, φ, and χ, and is calculated by Equation
(38).

Then,

R0 = ξx: ð39Þ

Because the slurry is incompressible, the slurry injection
flow is equal to the outflow flow of the cylindrical surface
outside the slurry column,

q = �v
χ
⋅ 2πR0h: ð40Þ

Combining Equations (39) and (40) results in

�v = χq
2πξhx : ð41Þ

2.4. Slurry Diffusion Radius and Pressure Distribution.

Through combining Equations (32) and (41), we obtain

dp
dx = qβφγw

2πξhχKw

1
x
+ λ0: ð42Þ

Subsequently, integrating Equation (42) results in

p xð Þ = qβφγw
2πξhχKw

ln x + λ0x + C: ð43Þ

When the following boundary conditions are imple-
mented, we have

x = R0, p = 0: ð44Þ

The integration constant is determined to be

C = −
qβφγw

2πξhχKw
ln R0 − λ0R0 ð45Þ

By substituting Equation (45) into Equation (43), we
obtain

p xð Þ = qβφγw
2πξhχKw

ln x
R0

+ λ0 x − R0ð Þ: ð46Þ

Equation (46) describes the relationship between the
pressure attenuation value and the path distance of the diffu-
sion curve. Three transformations are required to transform
this into the relationship between the pressure attenuation
value and diffusion distance. First, the function image is
shifted to the right by the a factor ofR0. Then, the ordinate
of the function is unchanged, and the abscissa becomes 1/χ
the original. Finally, the function image is shifted to the left
by a factor of R0. The transformed function is pðχðx − R0Þ

l

lt

𝛥p

Path line

Pores

Sand particles

Cement particles

Figure 3: Schematic of slurry diffusion tortuous effect.
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+ R0Þ, and to clarify the difference, the abscissa of the new
function is represented by the letter r, representing the slurry
diffusion distance, and the ordinate is represented by ~p, rep-
resenting the slurry pressure attenuation value at the diffu-
sion distance R. Then, the relationship between the
pressure attenuation value and the diffusion distance is

~p rð Þ = qβφγw
2πξhχKw

ln χ r − R0ð Þ + R0
R0

+ λ0χ r − R0ð Þ: ð47Þ

The pressure attenuation value at the diffusion radius R
is

~p Rð Þ = qβφγw
2πξhχKw

ln χ R − R0ð Þ + R0
R0

+ λ0χ R − R0ð Þ: ð48Þ

Therefore, the initial grouting pressure is

p0 = pw + qβφγw
2πξhχKw

ln χ R − R0ð Þ + R0
R0

+ λ0χ R − R0ð Þ:

ð49Þ

The slurry pressure distribution function, PðrÞ, in the
diffusion area is

P rð Þ = p0 − ~p rð Þ = pw + qβφγw
2πξhχKw

ln χ R − R0ð Þ + R0
χ r − R0ð Þ + R0

+ λ0χ R − rð Þ:
ð50Þ

However, the grouting diffusion radius, R, is usually
unknown, and its calculation formula needs to be deduced.
According to Equation (41), when the diffusion radius is R,
the slurry column radius is

R0 = ξR: ð51Þ

The volume of the slurry filled in the layer is equal to the
total amount of slurry injected, such that

αφπ R2 − R2
0

� �
h + πR2

0h =Q: ð52Þ

Namely,

ξ2 + αφ 1 − ξ2

 �h i

πR2h =Q: ð53Þ

Let

η = ξ2 + αφ 1 − ξ2

 �

, ð54Þ

where η is the comprehensive injection rate of the layer.
The grouting diffusion radius can be calculated accord-

ing to the grouting volume, grouting section height, and

comprehensive injection rate of the layer as follows:

R =
ffiffiffiffiffiffiffiffi
Q
πhη

s
: ð55Þ

Therefore, the initial grouting pressure is

p0 = pw + qβφγw
2πξhχKw

ln
χ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Q/πhη

p
− R0


 �
+ R0

R0

+ λ0χ

ffiffiffiffiffiffiffiffi
Q
πhη

s
− R0

 !
,

ð56Þ

and the slurry pressure distribution function, PðrÞ, in the
diffusion area is

P rð Þ = pw + qβφγw
2πξhχKw

ln
χ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Q/πhη

p
− R0


 �
+ R0

χ r − R0ð Þ + R0

+ λ0χ

ffiffiffiffiffiffiffiffi
Q
πhη

s
− r

 !
:

ð57Þ

3. Results and Discussion

3.1. Field Test Verification and Analysis. To verify the appli-
cability of the cylindrical diffusion model of radial tube
flow established in this study, we compared the theoretical
calculations with the field test results of ground drilling
grouting in the Guotun coal mine. The main, auxiliary,
and air shafts of the Guotun coal mine in Shandong Prov-
ince pass through the loose layer with a thickness of
561.20~587.40m. After the mine was put into operation,
owing to the drainage of the mine, the above three shafts
deviated to the asymmetric mining working face of the
mine. The maximum deflection displacements of the main
shaft and auxiliary shaft to the west were 284mm and
299mm, respectively, and the maximum deflection dis-
placements to the north were 30mm and 103mm, respec-
tively, which seriously threaten the production safety of
the mine. After many demonstrations, it was decided to
adopt the scheme of ground drilling grouting around the
shaft to control the shaft deflection displacements. The
engineering site diagram and schematic diagram of the
ground drilling grouting of the vertical shaft are shown
in Figure 4. To scientifically formulate the grouting imple-
mentation scheme, reasonably select the grouting parame-
ters, and to ensure the safety of the existing shaft, 11 water
injection tests and 6 grouting tests were completed in dif-
ferent layers in 7 test holes around the main, auxiliary,
and air shafts of the Guotun coal mine. 5 grouting tests
were conducted on the water-bearing sand layers over dif-
ferent layers of the loose layer within the 3rd wind
inspection hole.

Single cement slurry was used for grouting. The main
grouting material is 42.5 ordinary portland cement, which
is prepared by adding water to the cement. The water
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cement ratio of slurry used on site is 1.25 : 1 and 1 : 1, and
the slurry with water cement ratio of 1 : 1 is mainly used.
The physical parameters of the core soil sample taken
from the 3rd wind inspection hole are listed in Table 1,
and the grouting test results of each grouting section are
listed in Table 2.

Substituting the relevant parameters from Tables 1 and
2 into Equation (56), the theoretically calculated values of
the initial grouting pressure of the ZJ3, ZJ4, and ZJ5
grouting sections were 9.05MPa, 7.31MPa, and 5.46MPa,
respectively, and the associated errors of the initial grout-
ing pressure values in Table 2 were -9.41%, 9.27%, and
13.75%, respectively. Substituting the relevant parameters
from Tables 1 and 2 into Equation (55), the theoretically
calculated values of the diffusion radius of the ZJ3 to
ZJ5 grouting sections were 6.57m, 6.35m, and 6.84m,
respectively, and the errors of the design value were
-17.88%, -20.63%, and -14.50%, respectively, which are
all within the engineering acceptable range [35–37], thus

verifying the rationality of the theoretical model proposed
in this study.

3.2. Slurry Pressure Attenuation Law. Substituting the rele-
vant parameters from Tables 1 and 2 into Equation (57),
the slurry pressure distribution curves in the diffusion zone
of the ZJ3 to ZJ5 grouting sections were obtained, as shown
in Figure 5. The attenuation of the slurry pressure has distin-
guishable stages, which decrease sharply near the grouting
tube and gradually away from the grouting tube. We calcu-
lated the slurry pressure value, pressure attenuation value,
and attenuation percentage at different diffusion distances,
where the calculation results are listed in Table 3. At a dif-
fusion distance of 1m, the slurry pressure attenuation of
the ZJ3 to ZJ5 grouting sections were 60.32%, 60.52%,
and 51.67% of the total pressure attenuation within the
diffusion range, respectively. At a diffusion distance of
2m, the slurry pressure attenuation of the ZJ3 to ZJ5
grouting sections were 74.51%, 74.89%, and 68.61% of
the total pressure attenuation within the diffusion range,
respectively. Beyond a diffusion distance of 2m, the atten-
uation rate of the slurry pressure slows down, which is
approximately a low-speed linear attenuation. Within the
first 30% of the diffusion radius, the slurry pressure
decreases sharply by approximately 70%; within the last
70% of the diffusion radius, the slurry pressure decreases
gradually to the remaining 30%. This relationship is con-
sistent with the engineering practices and trends of the
measured data within the relevant literature [38–40]. The
reason for this is that there is a high velocity of the slurry
in the area close to the grouting tube, and a lower velocity
of the slurry in the area far away from the grouting tube.
According to Equation (32), the slurry pressure gradient is
linearly and positively correlated with the slurry velocity;

1—Control cabinet 
2—Cement tank 
3—Screw conveyor 
4—Hopper
5—Primary mixing tank 
6—Secondary mixing tank 
7—Slurry pipeline

1 3

2

4

5
6 7

8

9

10

11

12

13

8—Grouting pump
9—Drilling rig
10—Injected hole
11—Grouting tube
12—Stop-grouting plug
13—Slurry

Figure 4: Vertical shaft ground drilling grouting.

Table 1: Physical parameters of the core soil samples taken from
the 3rd wind inspection hole.

Soil sample no. Soil sample type h (m) φ K

01 Fine sand 180.60~180.75 0.3106 1.138

02 Silty sand 281.20~281.35 0.3333 1.126

03 Silty sand 352.15~352.30 0.3154 1.079

04 Fine sand 444.15~444.30 0.3674 1.080

05 Fine sand 552.00~552.35 0.2538 1.824

06 Silty sand 560.20~560.35 0.3637 0.981

Note: h is the coring depth (m), φ is the porosity, and K is the permeability
coefficient, 10-5 m/s.
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so, the pressure gradient decreases gradually along the dif-
fusion direction; specifically, and the pressure decreases
more slowly.

3.3. Analysis of Influencing Factors on the Diffusion Radius.
When considering the field grouting parameters of the Guo-
tun coal mine combined with Equation (55), the effects of
grouting volume, grouting section height, and comprehen-
sive layer injection rate on the grouting diffusion radius are
discussed. The comprehensive layer injection rates were
0.05, 0.06, 0.07, 0.08, and 0.09, the grouting volume was
200 m3, 250 m3, 300 m3, 350 m3, and 400 m3, and the
heights of the grouting sections were 20m, 25m, 30m,
35m, and 40m.

When the grouting section height is taken to be 30m, the
influence of the grouting volume and the comprehensive
layer injection rate on the slurry diffusion radius was stud-
ied, as shown in Figure 6(a). When the comprehensive layer
injection rate is taken to be 0.07, the influence of the grout-
ing volume and grouting section height on the slurry diffu-
sion radius is studied, as shown in Figure 6(b). When the
grouting volume was 300m3, the influence of the grouting
section height and comprehensive layer injection rate on
the slurry diffusion radius was studied, as shown in
Figure 6(c).

As can be seen from Figures 6(a) and 6(b), when the
same grouting section height and comprehensive layer
injection rate are considered, the diffusion radius increases
with an increasing grouting volume, but the growth range
gradually decreases. The possibility of improving the slurry
diffusion radius solely by increasing the grouting volume
gradually decreases. According to Figures 6(a)–6(c), the
diffusion radius has a nonlinear negative correlation with
the grouting section height and the comprehensive layer
injection rate, the rate of change is relatively slow, and
there are no distinguishable stages. Under the condition
of the same grouting volume and grouting section height,
it was found that increasing the comprehensive layer injec-
tion rate reduces the diffusion radius, while the grouting
volume in the unit volume soil layer increases, which
can effectively improve the mechanical properties of the
injected layer. In engineering, multiple grouting parame-
ters are usually coordinated and controlled to achieve the
designed diffusion radius and reinforcement strength. For
example, before formal grouting on site, water injection
tests are often carried out to increase the hydraulic perme-
ability of the layer, which can improve the comprehensive
layer injection rate. Accordingly, the design grouting

Table 2: Grouting test results of the 3rd wind inspection hole.

Grouting section no. H (m) t (h) p0 (MPa) Q (m3) R (m) Diffusion radius calculation error (%)

ZJ5 175.05~196.11 31.30 4.24~4.80 290 6.83 -14.63

ZJ4 247.34~282.00 26.40 4.89~6.69 220 6.34 -20.75

ZJ3 332.27~364.27 23.50 7.18~9.99 206 6.57 -17.88

ZJ2 430.33~462.43 22.40 8.73~13.40 140 — —

ZJ1 540.46~574.90 20.50 11.82~13.92 166 — —

Note: H is the depth of the grouting section, t is the grouting time, p0 is the injection point pressure, Q is the grouting amount, and R is the theoretically
calculated value of the diffusion radius. Owing to the first grouting in the ZJ1 grouting section, the grouting was stopped when only 166m3 of slurry was
injected, and the grouting in the ZJ2 grouting section was stopped when only 140m3 of slurry was injected, owing to the slurry leakage from the stop-
grouting plug.
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Figure 5: Pressure attenuation law of slurry.

Table 3: Slurry pressure attenuation.

Parameters Grouting section 0 1m 2m R

P rð Þ (MPa)

ZJ3 9.05 5.69 4.90 3.48

ZJ4 7.31 4.49 3.82 2.65

ZJ5 5.46 3.60 2.99 1.86

~p rð Þ (MPa)

ZJ3 0 3.36 4.15 5.57

ZJ4 0 2.82 3.49 4.66

ZJ5 0 1.86 2.47 3.60

~p rð Þ/p0 − pw (%)

ZJ3 0 60.32 74.51 100

ZJ4 0 60.52 74.89 100

ZJ5 0 51.67 68.61 100
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volume should also be increased to achieve the desired
grouting diffusion radius.

4. Conclusions

(1) The cylindrical diffusion of grouting in the deep,
loose layer is regarded as the flow diffusion of slurry
in a certain number of tortuous circular tubes radi-
ated by the slurry column. The cylindrical diffusion
model of the radial tube flow in a deep, loose layer
is established, and the variation laws of key parame-
ters such as slurry pressure and diffusion radius in
the process of grouting are realized

(2) The permeability coefficient considering tortuosity is
derived, and the average radius of the seepage tubes
in the injected layer is equivalently replaced by the
permeability coefficient. The diffusion velocity
approximate control differential equation of the
Bingham slurry in a single tube, the diffusion veloc-

ity control equation of the radiation tube flow, and
the slurry pressure distribution function in the diffu-
sion area are obtained

(3) By combining the model results with the field grout-
ing test results in the Guotun coal mine, the rational-
ity of the cylindrical diffusion model of radial tube
flow was verified, and the attenuation law of the
grouting pressure in the diffusion area is obtained.
It was found that the attenuation of the slurry pres-
sure exhibits distinguishable stages. Within the first
30% of the diffusion radius, the slurry pressure
decreases sharply by approximately 70%; within the
last 70% of the diffusion radius, the slurry pressure
decreases gradually to the remaining 30%

(4) The calculation formula of the grouting diffusion
radius is deduced, and the effects of the grouting vol-
ume, grouting section height, and comprehensive
layer injection rate on the grouting diffusion radius
are discussed. It is found that the diffusion radius
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Figure 6: Analysis of the influencing factors of the grouting diffusion radius. (a) R −Q − η 3D function image. (b) R −Q − h 3D function
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has a nonlinear positive correlation with the grout-
ing volume, but the corresponding growth range
gradually decreases. The diffusion radius has a non-
linear negative correlation with the grouting section
height and the comprehensive layer injection rate;
the rate of change is relatively low, and no distin-
guishable stages are observed
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Considering the influence of confining pressure in the actual service environment of concrete in underground projects, the
damage characteristics of fiber-reinforced concrete under the action of confining pressure are evaluated according to the variation
of measured permeability values by means of a triaxial ultralow permeability damage test system. (e tests were carried out
according to the stress loading and unloading paths of 1⟶5⟶10⟶15⟶20⟶10⟶5⟶1MPa for an axial pressure when
the confining pressure value was 1MPa and kept constant. Firstly, the damage permeability of the fiber-reinforced concrete
specimens was verified to be significantly lower than that of the ordinary concrete under the same confining pressure. Secondly, by
conducting single loading and unloading tests at different loading rates (0.5, 1.0, 1.5, and 3.0MPa/s), it was confirmed that the
loading rate had a significant effect on the damage cracking of the specimens, with the faster the loading rate, the more
pronounced the damage characteristics. Finally, a triaxial cyclic dynamic load test with a confining pressure value of 1MPa and an
axial loading speed of 1.5MPa/s was carried out, revealing that the damage characteristics of the test blocks changed from elastic
deformation to obvious plastic deformation damage as the number of loading times increased.

1. Introduction

As a new type of building material, fiber-reinforced concrete
has good crack resistance and corresponding durability,
enjoying a wide application prospect in the development of
urban underground space [1]. During the actual service
period, the fiber-reinforced concrete structure of urban
underground engineering is in a complex stress environ-
ment, and the damage and cracking characteristics of the
fiber-reinforced concrete structure under multiaxial stress
conditions are different from those under uniaxial action
mode. In actual working conditions, the fiber-reinforced
concrete structure of urban underground engineering will be
affected by certain confining pressure. Confining pressure
has a certain synergistic effect on controlling plastic de-
formation of the fiber-reinforced concrete structure and
improving elastic limit [2, 3]. (e fiber-reinforced concrete
specimen is a typical strain rate-sensitive material. Under the
condition of dynamic loading, the damage stress state of the

fiber-reinforced concrete test blocks is no longer similar to
the conventional quasi-static state. For example, under the
conditions of high-speed loading and cyclic dynamic
loading, the loading speed has a great influence on the degree
of damage and cracking. (erefore, it is necessary to discuss
the dynamic mechanical damage performance of fiber-
reinforced concrete materials [4–7].

In the study of dynamic damage mechanism of quasi-
brittle materials under confining pressure, Liu [8] studied
the impact dynamic load mechanical properties of am-
phibolite under different confining pressure values
(0MPa∼2MPa) and different strain rates. (e results show
that under the same confining pressure, with the increase of
strain rate, the dynamic compressive strength of amphibolite
shows a linear increase trend, which conforms to the strain
rate correlation of strength, and the dynamic enhancement
factor is approximately linear with the logarithm of strain
rate. Within the same strain rate range, as the confining
pressure increases, the strength enhancement effect becomes

Hindawi
Geofluids
Volume 2022, Article ID 7751265, 10 pages
https://doi.org/10.1155/2022/7751265

mailto:raoli-ycu@hotmail.com
https://orcid.org/0000-0003-0747-9109
https://orcid.org/0000-0002-5769-3798
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7751265


more obvious, showing a stronger confining pressure re-
straint effect. Lu and Wang [9] studied the loading damage
test of biotite granite under the conditions of 0MPa∼3MPa
confining pressure andmedium and high strain rate.(e test
results show that when the confining pressure is constant,
the dynamic compressive strength of granite increases
logarithmically with the increase of strain rate, and the peak
strain also increases with the increase of strain rate; the
elastic modulus is poorly sensitive to confining pressure and
strain rate, and the greater the strain rate, the more severe
the rock fragmentation phenomenon under the premise of a
constant strain rate, the dynamic compressive strength of
granite rapidly increases with the increase of confining
pressure, and the failure mode of the material changes from
axial splitting under low confining pressure to compression-
shear failure under high confining pressure; under high
confining pressure, the stress-strain curve of granite has
obvious brittle-ductile transition characteristics. Li [10]
simulated the damage, deformation, strength evolution, and
other failure characteristics of the circular roadway under
the conventional triaxial constraint for three kinds of thick-
walled cylindrical sandstone samples. Zhang [11] used the
thick-walled cylindrical test block; after unloading the inner
cavity load, continued to unload the outer cavity load of the
undamaged thick-walled cylindrical limestone test block;
and conducted a preliminary research on the unloading
failure mode. Wu [10, 12] carried out loading and unloading
tests of limestone test blocks under different confining
pressures, focusing on the failure mode of the samples under
the condition of pressure relief in the hole, and revealed the
damage failure mechanism.

Jia [13], based on the triaxial test of salt rock under
multiple sets of confining pressures, used hyperbolic
equations to fit the tensile and shearMohr–Coulomb criteria
to correct the sharp angle on the yield surface. (e effects of
the damage and confining pressure were added to the im-
proved Mohr–Coulomb criterion, which can describe the
mechanical characteristics of strain hardening, softening,
and brittle-plastic transition of salt rock under different
confining pressures. Zhou [14] obtained the quantitative
relationship between elastic modulus and confining pressure
and internal variables based on the cyclic loading test of
Jinping marble. Based on the Mohr–Coulomb criterion, the
law of internal friction angle and cohesion with internal
variables is obtained. (e internal friction angle in the yield
function is replaced by the dilatancy angle to establish a
plastic potential function. According to the noncorrelated
flow rule, an elastoplastic coupled constitutive model of
marble considering the confining pressure effect is given.
(e model can reflect the expansion characteristics of the
rock with the change of confining pressure, but it uses many
undetermined parameters, and because the research object is
Jinping marble, the model is based on test results, and
whether it is applicable to other rocks needs further veri-
fication. Wu and Li [15] produced a number of cylindrical
concrete specimens and wrapped FRP cloth around the
concrete specimens to limit the radial deformation during
concrete loading. (e deformation of concrete under
multiaxial action was studied, and the reciprocating loading

effect was obtained. Under the stress-strain curve, the
confining pressure of the FRP sheet on concrete was studied.

In order to study the influence of confining pressure
constraint and loading speed on the damage and cracking
law of fiber-reinforced concrete, we carried out dynamic
loading and unloading damage penetration tests of fiber-
reinforced concrete under confining pressure [16–21].
Under the condition of constant confining pressure of 1MPa
and loading speed (0.5, 1.0, 1.5, and 2.0MPa/s), a triaxial
loading mechanical damage test of test blocks was carried
out to study the influence of loading speed change on the
damage degree of test blocks. Furthermore, triaxial multiple
cyclic loading tests with confining pressure of 1MPa and
axial loading speed of 1.5MPa/s were carried out to reveal
the evolution law of damage penetration of test blocks with
the increase of loading and unloading times.

2. Principle of Ultralow Permeability Damage
Test under Confining Pressure

(e appearance of internal cracks of fiber-reinforced con-
crete structures after loading damage will reduce imper-
meability. (e permeability change rule obtained from
triaxial loading stress measurement can more truly reflect
the actual situation of internal loading damage and cracking
of fiber-reinforced concrete [22–25]. Due to the quality of
raw materials, construction operations, curing conditions,
and other factors, it is difficult to avoid microcracks after
pouring andmolding. Except for surface cracks, microcracks
in the concrete matrix are difficult to find and identify.
(erefore, with the help of ultralow permeability damage
testing system, the research on dynamic loading damage
mechanism of fiber-reinforced concrete test blocks under
confining pressure is conducted. (e absolute permeability
of that fiber-reinforced concrete specimen is obtained from
the experiment, and the permeability measurement of the
specimen is carried out based on Darcy’s law, and the gas
used is high purity nitrogen. (e dynamic loading damage
mechanism of test blocks under confining pressure is
revealed through the laboratory nitrogen steady-state test
evaluation.

For the calculation equation of nitrogen permeability in
a stable state, it is to necessary take into account the in-
fluence of gas slip and inertial resistance, which is beneficial
for the calculation equation to coincide with the actual
situation of a gas stable state. In terms of the means of gas
permeability measurement, nitrogen is used as the perme-
able medium of test block loading damage, and the following
factors need to be considered: nitrogen is characterized by
high compression. In a normal test environment, the relative
density of a gas is relatively low. (e influence of gravity
factors can be ignored in the measured calculation of
damage permeability. Nitrogen, under the pressure, enjoys
fast flow speed at the crack position of the test block, and
thus the slip speed of nitrogen needs to be considered.

Generally, the principle of nitrogen permeability cal-
culation formula is based on the characteristics of homo-
geneity, isotropy, and temperature commonness of the
internal medium of the test block. In actual working
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conditions, the material characteristics of the test block are
difficult to meet the ideal requirements, and the test block is
usually calculated as a cylinder. According to the corre-
sponding relationship between the calculation direction of
damage permeability and axial space, the actual calculation
is mainly divided into two types: axial damage permeability
is parallel to the axial direction of the test block based on the
measured direction; Radial damage permeability can be
defined as transverse damage permeability based on the
measured direction, which is consistent with the cross-
section of the test block.

(e mathematical model for calculating the damage and
permeability of steady-state test blocks loaded with nitrogen
can be described as follows:

kg �
2μprqr

Gf p1 − p2( 􏼁 p1 + p2( 􏼁
, (1)

where kg is the measured value of permeability of the test
block, e− 16m2; pr is the pressure under the measured
environment, pa; qr is the measured nitrogen flow velocity
per unit volume; p1 is the pressure upstream of the test block
inlet, pa; p2 is the downstream pressure of the test block
outlet, pa; and Gf is a geometric revision factor.

Gf �
πr

2

L
, (2)

where r is the radius of the test block, m and L is the
length of the test block, m.

Brief description of nitrogen slip effect: In the actual
measurement and calculation of low permeability materials,
the slip effect of nitrogen is obvious, and Klinkenberg re-
lation is usually used to correct the calculation of damage
permeability as follows:

kg � ks 1 +
b

pm

􏼠 􏼡, (3)

where ks is the inherent permeability of the medium
inside the test block, pm is the average pressure of the test
block, and b is the uniform unit constant.

In the test, the upstream gas pressure is controlled by the
pressure-reducing valve, and the downstream end is directly
connected with the atmosphere. At the same time, the
loading stress state of the test block is changed; the state
information and flow rate information of the test block are
collected and recorded; and the damage permeability of the
fiber-reinforced concrete test block is calculated.

3. Test Preparation

3.1. Experimental Equipment. (e experiment adopts a
constant temperature ultralow permeability damage test
system, and the accuracy can reach 1e− 23m2. (e whole set
of equipment is accurate in control and collection with a
high degree of automation and thus can realize accurate
measurement of permeability of low permeability medium.
(e partition arrangement of the test system is shown in
Figure 1. (e whole system consists of a pressure control
system, pipeline and clamper system, data acquisition,

recording system, and so on. (e pressure control system is
composed of axial pressure, confining pressure control system,
and air pressure control system. (e axial and confining
pressure are controlled by two ISCO pressure pumps, while the
gas pressure is controlled by a gas pressure reducing valve
connected with the gas cylinder. (e pipeline system is also
composed of two parts: one is a confining and axial pressure
control pipeline (transmit confining pressure and axial pres-
sure) and the other is a gas migration pipeline (transport high
purity gas used for infiltration).(e clamper system consists of
a rubber sleeve, a containing cavity, a cushion block, and the
like, wherein the cylindrical sample is placed in the rubber
sleeve, the cushion block is placed into the clamping sample
from the upper and lower ends, and then the rubber jacket is
placed in the containing cavity; (e data acquisition and re-
cording system consists of an electronic balance that auto-
matically records reading books and a control system of a
computer terminal.(is system records various data in the test.

(e steady-state method was adopted for the test block
loading gas permeability test, and the permeability gas was
high purity nitrogen. (e gas permeability test not only
studied the influence of fiber addition on the permeability of
fiber-reinforced concrete but also studied the influence law
of axial stress on the permeability of fiber-reinforced con-
crete test block. Considering the actual working conditions,
infrastructure projects with shallow burial depth and low
confining pressure are adopted for the development of urban
underground space. (e actual confining pressure of
1∼2MPa is reasonable for the site selection environment.
During the test, the test block was put into the clamping
system first, and the pipeline connection was normal, so as to
maintain the tightness of the clamping chamber and prevent
the leakage of pressure liquid. (e pressure load was slowly
applied to the test block in the form of step loading; the
confining pressure pump kept the set pressure unchanged;
and the axial pressure is set to step loading and unloading
mode. According to the influence law of triaxial loading on
the damage permeability of the test block, the loading stress
path shall be 1⟶5⟶10⟶15⟶20⟶10⟶5⟶1MPa.
(e gas pressure at the upstream of the test block was
0.5MPa, and we recorded the volume of permeated gas at
the downstream by drainagemethod and converted themass
of discharged boiled water into the gas volume by electronic
balance. (e computer terminal automatically collected the
data of the electronic balance and processed it into flow data
for storage.

3.2. Preparation of Test Block. We cured the fiber-reinforced
concrete standard cube test block that has been poured and
cured to 28 days old. (en, the test block was made into a
cylindrical test block with a diameter of 50mmand a height of
40mm (error control within ±1mm) through drilling core
and surface polishing.(e test block parameters are shown in
Table 1. Parallel control tests are required for fiber-reinforced
concrete test blocks with the same content. (e physical
picture of the test blocks used in the damage penetration test
is shown in Figure 2(a), and the schematic diagram of the
loading direction of the test block is shown in Figure 2(b).
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In order to improve the measurement accuracy of dy-
namic loading damage permeability of fiber-reinforced
concrete test blocks under confining pressure, it is necessary
to place the prepared concrete test blocks in an oven at 60°C
for 12 h, remove free moisture in the test blocks, let them
cool down naturally, and store them in plastic sealed bags for
subsequent tests.

4. Study of Loading and Unloading Damage
Penetration of Test Blocks under
Confining Pressure

4.1. Study of Damage and Penetration of Test Blocks under
Static Loading and Unloading. According to the GB50081-
2002 TestMethod forMechanical Properties of Concrete, when

the strength grade of concrete is between C30 and C60, the
static loading speed should be controlled at 0.5∼0.8MPa/s.(is
section focuses on the evaluation of damage characteristics of
test blocks under static confining pressure, and the loading
speed is controlled at 0.5MPa/s. We carried out the load
damage permeability test of the test block when the confining
pressure value is 1MPa with C50S1.2 fiber-reinforced concrete
test block and C50S0 ordinary concrete test block (the mea-
sured number of test blocks in each group is 2), and the loading
speed was 0.5MPa/s. (e measured data are shown in Table 2.
(e measured data curve of the damage permeability test of
fiber-reinforced concrete test block under the condition of
single loading and unloading is shown in Figure 3.

As can be seen from Figure 3, both the fiber-reinforced
concrete test block and the ordinary concrete test block show
that the permeability increases with the increase of axial

Drainage method
to measure flow

Triaxial chamber and
specimen holder

Temperate boxValve

Computer

Cylinder

Pressure tube

Axial pump

Confining
pressure pump

(a)

(b)

Figure 1: Ultralow permeability damage test system: (a) schematic diagram and (b) physical picture.

Table 1: Test block parameters of damage penetration loading test under confining pressure.

Number Strength level Test blocks number (n) Fiber content (kg/m3)
Test block size

Diameter (mm) Height (mm)
C50S1.2-1 C50 16 1.2 50 40
C50S1.2-2 C50 16 1.2 50 40
C50S0-1 C50 16 0 50 30
C50S0-2 C50 16 0 50 30
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loading pressure. When the axial loading is 1∼5MPa, the
permeability of the test block increases slowly, and when the
axial loading is 5∼15MPa, the permeability increases rapidly.

When the loading peak value of the fiber-reinforced concrete
test block reaches 20MPa, the permeability peak value is
7.95e− 16m2, and the permeability peak value of the

(a) (b)

Figure 2: (a) Physical picture of the test blocks in the damage permeation loading test and (b) schematic diagram of confining pressure and
axial loading of the test block.

Table 2: Measured permeability of single loading and unloading test (the confining pressure value is 1MPa).

Axial Load (MPa) C50S1.2-1 C50S1.2-2 C50S0-1 C50S0-2
Measured value of permeability (e− 16m2)

1 2.65 2.37 2.66 2.54
5 3.12 2.60 3.05 2.86
10 3.41 5.54 6.76 7.39
15 5.68 6.97 11.20 12.45
20 7.95 7.77 13.35 14.67
10 4.92 4.64 8.96 6.82
5 3.86 3.38 4.32 4.40
1 3.62 3.52 4.08 4.15

25

20

15

10

5

0
1 5 10

Loading value (MPa)

Pe
rm

ea
bi

lit
y 

(e
-1

6 
m

2 )

15 20

C50S1.2-1

C50S1.2-2

C50S0-1

C50S0-2

(a)

25

20

15

10

5

0
20 10

Unloading value (MPa)

Pe
rm

ea
bi

lit
y 

(e
-1

6 
m

2 )

5 1

C50S1.2-1

C50S1.2-2

C50S0-1

C50S0-2

(b)

Figure 3: Change of loading and unloading damage permeability law of confining pressure 1MPa test block: (a) load phase and (b) unload
phase.
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ordinary concrete test block is 14.67e− 16m2, which indi-
cates that the cracking damage degree of the ordinary
concrete test block under loading is greater than that of the
fiber-reinforced concrete test block. (e unloading speed is
still kept at 0.5MPa/s. From the data curve, it can be seen
that when the permeability of the test block is unloaded from
the peak value to the initial loading value, the permeability
basically decreases to that of the initial state, and the loading
damage of the test block is mainly manifested as elastic
deformation. However, the test block still causes slight
cracking damage after single loading and unloading, which
leads to the inability to completely restore the permeability
to the initial level. (e permeability of the fiber-reinforced
concrete test block after unloading is 3.62e− 16m2, which is
slightly lower than the permeability of the ordinary concrete
after unloading 4.08e− 16m2, indicating that the damage
and cracking degree of the fiber-reinforced concrete is lower
than that of the ordinary concrete under the same loading
and unloading conditions.

4.2. Damage and Permeability Evaluation of Test Block under
Single Loading and Unloading under Different Loading
Velocity. Considering the constant confining pressure value
of 1MPa and the change of loading speed (0.5, 1.0, 1.5, and
3.0MPa/s), we carried out single loading and unloading
damage permeability test of fiber-reinforced concrete test
blocks with a strength grade of C50. (e measured values of
loading permeability of test blocks are shown in Table 3. (e
loading and unloading damage penetration of the test block
is shown in Figure 4.

According to the damage permeability curve of fiber-
reinforced concrete test blocks under different loading
speeds, the following conclusions are obtained:

(1) (e loading speed has a great influence on the
damage permeability of the test block. When the
loading speed is 0.5MPa/s, the confining pressure is
1MPa, and the axial loading is 20MPa, the peak
damage permeability of the test block is
5.45e− 16m2, and when the loading speed is in-
creased to 1.0MPa/s, the peak damage permeability
of the test block is 7.77e− 16m2. (e degree of
damage and cracking is further increased. When the
loading speed is increased to 1.5MPa/s, the peak
damage permeability of the test block is
28.35e− 16m2. When the loading speed is increased
to 3MPa/s, the peak damage permeability of the test
block is sharply increased to 122.37e− 16m2, and the
test block has an obvious cracking failure.

(2) (rough the comparison and analysis of the mea-
sured values of the damage permeability of the test
block, it can be seen that when the loading rate is
0.5∼1.0MPa/s, the permeability of the test block
basically recovers to the initial value after a single
loading and unloading test, which indicates that the
damage deformation of the test block is mainly
manifested as elastic damage at this stage. When the
loading speed is increased to 1.5MPa/s, the

permeability of the test block after unloading is
8.17e− 16m2, which is obviously higher than the
initial value of 2.66e− 16m2, indicating that the test
block has plastic damage. When the loading rate is
increased to 3MPa/s, the permeability of the test
block after unloading is 39.37e− 16m2, which is
much higher than the initial value of 2.74e− 16m2,
indicating that the test block has obvious plastic
damage.

4.3. Evaluation of Damage and Permeability of Test Blocks
under Rapid Cyclic Loading and Unloading. Under con-
ventional test conditions, the loading speed of fiber-rein-
forced concrete test block is generally controlled at
0.5∼0.8MPa/s. (is section mainly studies the damage
characteristics of fiber-reinforced concrete test block under
dynamic load and cyclic loading and unloading. It can be
seen from the research results of the previous section that the
loading speed has a great influence on the damage of the test
block. (erefore, this section focuses on the damage pen-
etration test of C50S0 ordinary concrete and C50S1.2 fiber-
reinforced concrete under fast cyclic loading and unloading.
(e confining pressure is kept constant at 1MPa, and the
loading speed is increased to 1.5MPa/s. Four cyclic loading
and unloading tests were carried out in turn through the
same stress loading and unloading path. When the fourth
cyclic axial pressure is unloaded to 1MPa, the data are
recorded and analyzed at the end of the test. (e loading and
unloading path of the test stress is shown in Figure 5. Under
cyclic dynamic load conditions, the measured values of
loading permeability of fiber-reinforced concrete test blocks
are shown in Tables 4 and 5, and the loading and unloading
damage permeability of test blocks are shown in Figures 6
and 7.

(e research shows that the permeability of the test block
increases with the increase of axial compression loading in
the loading stage, mainly showing that with the increase of
axial compression, the crack expansion of the test block leads
to the increase of the measured permeability value. At the
beginning of the loading stage, the slope of the curve of
permeability changing with axial pressure is relatively
moderate, and with the increase of axial pressure, the slope
of the curve of permeability changing with axial pressure
gradually becomes steeper. In the unloading stage, the
permeability decreases with the decrease of axial pressure,
which is mainly manifested as the fracture tends to close due
to axial pressure unloading. In the initial stage of unloading,
the slope of the curve of permeability with axial pressure is
larger and continues to decrease with axial pressure, while
the slope of the curve of permeability with axial pressure
gradually slows down. (e research shows that the loading
stage (10∼15MPa) is the critical stage of damage infiltration
of test blocks, which can be defined as the transition stage of
elastoplastic damage infiltration.

At the peak loading stages of four cycles, the permeability
of fiber-reinforced concrete test block is 28, 31, 35, and
39e− 16m2, respectively, and when the axial load is
unloaded to 1MPa, the permeability of fiber-reinforced
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Table 3: Measured permeability of C50S1.2 test block in dynamic loading and unloading test (the confining pressure value is 1MPa).

Axial Load (MPa) Loading speed, 0.5MPa/s Loading speed, 1.0MPa/s Loading speed, 1.5MPa/s Loading speed, 3.0MPa/s
Measured value of permeability (e− 16m2)

1 2.55 2.68 2.66 2.74
5 3.46 3.60 7.15 13.55
10 3.55 4.54 11.34 29.39
15 3.68 5.87 21.48 76.34
20 5.45 7.77 28.35 122.37
10 4.34 5.24 17.68 56.54
5 3.77 4.28 10.24 43.56
1 3.34 3.77 8.17 39.75
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Figure 4: Change of damage penetration law of C50S1.2 test block in dynamic loading and unloading test: (a) load phase and (b) unload
phase.
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concrete test block corresponding to the four cycles is 8, 10,
13, and 16e− 16m2, respectively. It can be seen that the
damage permeability of the test block increases with the
increase of loading and unloading times. Under the action of
cyclic loading and unloading, the damage degree of the test
block increases, and the permeability of each stage is higher

than that of the previous stage. (e test block has obvious
plastic deformation damage, which is mainly manifested in
the fact that the crack permeability after unloading is sig-
nificantly higher than the initial permeability after loading.

5. Conclusions

Considering the presence of confining pressure in engi-
neering practice, a study on the dynamic loading damage
mechanism of fiber-reinforced concrete specimens under
confining pressure was carried out with the aid of an ul-
tralow permeability damage test system, and the following
conclusions were mainly obtained:

(1) (e damage characteristics of fiber-reinforced con-
crete and ordinary concrete specimens in a single
loading and unloading under the same confining
pressure were studied, which shows that under the
same confining pressure and loading and unloading
conditions, the damage permeability of the fiber-
reinforced concrete specimens is significantly lower
than that of the ordinary concrete. (e penetration
rate in the unloading phase of the test basically
overlaps with that in the loading phase, which is
mainly characterized by elastic damage.

(2) Considering that the loading speed is an important
factor affecting the damage cracking of fiber-rein-
forced concrete, damage penetration tests were
carried out on the triaxial single loading and
unloading of fiber-reinforced concrete specimens
under the conditions of varying loading speeds (0.5,
1.0, 1.5, and 3.0MPa/s) with a constant confining
pressure of 1MPa. (e study shows that the loading
speed has a great influence on the degree of damage
and cracking of the specimen. When the loading
speed is increased from 0.5MPa/s to 1.5MPa/s, the

Table 4: Measured permeability of C50S1.2-1 test block in cyclic
loading and unloading test.

Axial load (MPa) Cycle 1 Cycle 2 Cycle 3 Cycle 4
Measured value of permeability (e− 16m2)

1 2.66 8.17 10 13
5 7.15 9 13 15
10 11.34 13 16 18
15 21.48 24 26 28
20 28.35 31 35 39
15 22 25 28 31
10 17.68 19 22 25
5 10.24 13 15 17
1 8.17 10 13 16

Table 5: Measured permeability of C50S1.2-2 test block in cyclic
loading and unloading test.

Axial load (MPa) Cycle 1 Cycle 2 Cycle 3 Cycle 4
Measured value of permeability (e− 16m2)

1 2.39 7.14 11 12
5 6.15 10 12 15
10 12.37 14 17 19
15 20.45 23 26 27
20 27.37 30 34 38
15 21 23 29 30
10 16.66 17 21 24
5 9.25 14 15 18
1 7.14 11 12 17
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Figure 6: Change of damage penetration law of C50S1.2-1 test
block in cyclic loading and unloading test.
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maximum permeability at the peak of loading in-
creases from 5.45e− 16m2 to 28.35e− 16m2, and the
rapid increase of permeability indicates that the
degree of damage and cracking of the specimen
becomes larger. When the loading speed reached
3MPa/s, the permeability of the unloading phase
could not coincide with that of the loading phase,
and the permeability of the specimen at the end of
unloading was 39.37e− 16m2 that was significantly
higher than the initial measured value of
2.74e− 16m2.

(3) A triaxial cyclic loading and unloading test was
carried out at a circumferential pressure of 1MPa
and a loading rate of 1.5MPa/s. A total of four cycles
of loading and unloading tests were carried out using
the same loading path. (e study shows that the
damage penetration of the test blocks increases with
the number of loading and unloading cycles.
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Deep-buried tunnel at high-ground temperature is prone to the sudden surge of water when crossing the water-rich formation,
resulting in casualties and economic losses. Slurry injection is a common and effective method of governance for addressing this
issue. However, there has been little research into pulping at high-ground temperature, with most of the existing research
focusing on room temperature conditions. We studied two kinds of slurry commonly used in grouting, cement slurry and
cement-sodium silicate slurry. Indoor testing was used in this paper to clarify the effect of temperature on slurry viscosity, and
numerical simulation was used to study slurry diffusion in flat cracks at different temperatures. The results showed that in a
hydrostatic environment, the spread rate of slurry was independent of temperature and type of slurry. For the same kind of
slurry, the higher the temperature, the greater the maximum slurry pressure. The higher the temperature in a flow environment,
the faster the slurry diffusion. As the temperature rised, the grouting pressure required for crack sealing decreased at first then
rises. In a flow environment, the sealing effect of cement-sodium silicate slurry was superior to that of cement slurry.

1. Introduction

With the continuous construction of deep-buried tunnels all
over the world, there are more and more high-temperature
tunnels. Groundwater is a harmful component for tunnels
[1–5], because it will not only reduce the strength of the sur-
rounding rock but also sudden surges of water may happen
when the treatment is not at the time [6–9], resulting in
casualties and property damage, and the construction prog-
ress may be delayed [10–13]. During operation, groundwater
infiltration accelerates the rusting of steel bars in the lining
and shortens the service life of the equipment [14–17],
increasing the difficulty of maintenance. Grouting is now a
widely used groundwater treatment method due to its ease
of construction, low cost, and good governance effect
[18–23]. Cement and cement-sodium silicate slurry is widely
used in the pulping project due to a wide range of raw mate-
rials and is nontoxic harmless [24–30].

In recent decades, scholars have done a lot of research on
slurry. Li et al. [31] proposed an SDS method to consider the
space-time evolution characteristics of slurry viscosity,
which describes the slurry diffusion and settlement behavior
in the dynamic water of cracks, and realizes the visualization
of the slurry diffusion process. Considering the effect of
shear rate on the Bingham model, Shamu et al. [32] pro-
posed a new design framework to consider the length of
slurry propagation. Yan et al. [33] have developed a hybrid
formula for a unified pipe network method combined with
a zero-thickness interface unit, which can simulate the crack
grouting process and capture the expansion behavior of
cracks in the grouting process. Liu et al. [34–35] proposed
a numerical flow method for simulating the permeation pro-
cess of crack rock body grout, and it was discovered that
increasing the injection pressure can increase the crack aper-
ture and improve slurry injection efficiency, but it destroys
the structure of the rock mass and weakens the injection

Hindawi
Geofluids
Volume 2022, Article ID 3504488, 15 pages
https://doi.org/10.1155/2022/3504488

https://orcid.org/0000-0003-0181-7824
https://orcid.org/0000-0002-0370-9248
https://orcid.org/0000-0003-2568-3963
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3504488


effect. Li et al. [36] carried out a closed seepage test on
single-cracked chlorite schist and found that although the
growth of rock strength after slurry injection was not ideal,
the grout was very effective in reducing permeability. Rafi
et al. [37] proposed a new method of slurry analysis to esti-
mate the spread distance of the grout and the size of the
crack expansion at a certain time by considering the slurry
volume, slurry pressure, ground stress, and the sum of fluid
rheum characteristics. Zhang et al. [38] proposed two step-
by-step calculation methods to describe the grouting process
by dividing the circular slurry area into infinitesimal annular
elements, corresponding to the injection pressure boundary
conditions and the slurry flow boundary conditions, by
dividing the circular slurry area into infinitely small ring
units. Xiao et al. [39] analyzed the relationship between
crack distribution and slurry characteristics based on dis-
continuous deformation theory and found that the amount
of grout consumed by the crack network was subject to the
normal distribution. Du et al. [40] conducted a cement
slurry diffusion test in zigzag cracks and discovered that
the sealing efficiency of the high fractal dimension is greater
than that of the low tortuous fractal dimension of the crack
near the injection source, whereas the mode away from the
grout source is the opposite [40].

However, the research of domestic and foreign scholars
mainly focuses on the diffusion law of slurry at room
temperature, and there is less research on the process of
the transport of slurry in high-temperature environment.
Therefore, it is necessary to explore and study the diffusion
characteristics of slurry at high temperatures.

Based on the typical water-rich high-ground tempera-
ture tunnel site conditions, the high-temperature environ-
ment is simulated indoors, and the viscosity of cement and
cement-sodium silicate (C-S) is measured at different tem-
peratures. The relationship between the diffusion law and
temperature of the two types of slurry in the environments
of dynamic water and hydrostatic water is revealed through
numerical simulation.

2. The Viscosity of the Slurry at
Different Temperatures

In this paper, the viscosities of cement and C-S slurry at 25°C,
40°C, 60°C, and 80°C were measured in the laboratory to simu-
late the change of slurry viscosity in high-temperature environ-
ment and provide the material basis for numerical simulation.

The viscosity of the slurry was tested by the Chinese
SNB-2 microcomputer digital display viscometer. All the
required experimental materials were weighed and heated
to 25°C, 40°C, 60°C, and 80°C, then mixed in the beaker
according to the proportion, and stirred evenly. Finally, the
beaker was tested for viscosity using the SNB-2 computer
digital viscometer. Three groups of repeated experiments
were carried out for each slurry under various temperature
conditions, and the average value of the three groups of
results was taken as the slurry’s viscosity value.

Cement slurry uses P.O.42.5 ordinary sodium silicate
cement, and water is ordinary tap water. Water-cement ratio
is 0.6, and each sample is mixed with 300 g cement and

180ml water. Viscosity is measured every 10min, lasting
120min. Each C-S slurry is composed of 350ml liquid A
and 70ml liquid B. Among them, cement slurry, which is
P.O.42.5 ordinary silicate cement, is a liquid, and the
water-cement ratio is 0.6. Liquid B is a solution of 25 Baume
degree sodium silicate diluted with 40 Baume degree sodium
silicate. Every 2.5 s, the viscosity is measured. The measure-
ment is terminated when the viscosity exceeds 75Pa·s.
Figures 1 and 2 show the measurements. The viscosity equa-
tions of two different slurries at different temperatures
obtained by fitting are shown in Table 1 [41].

The viscosity of cement and C-S slurry increases with the
increase of temperature and with the increase of hydration
time. Because of the long hydration reaction time of cement
slurry, the viscosity of slurry increases slowly. For C-S slurry,
the viscosity of the slurry increases suddenly after a while,
and an increase in temperature reduces the time required
for viscosity rise.

3. Finite Element Model

3.1. Model Boundary Condition. The diffusion of slurry is
simulated by COMSOL Multiphysics. The motion of slurry
in the fissure is regarded as a stratosphere, and water and
slurry are regarded as two insoluble fluids. The viscosity char-
acteristics of the slurry are measured by experimental data.

The actual rock mass fractures are simplified as the
models of single fissure between two parallel plates with con-
stant aperture, and the spatial scale changes of rock mass
fractures are ignored to establish the fracture model shown
in Figure 3 [42–44]. The crack length is 3m, the width is
1m, the opening is 1mm, the slurry hole diameter is 6 cm,
and the center of the slurry hole is 0.5m from the upper
and lower boundaries and 1m from the left boundary. The
free triangle mesh is employed, and it is moderately
encrypted near the slurry hole. Two lines are set up in the
model to detect changes in pressure within the model, and
the line arrangement is shown in Figure 4. The upper and
lower boundary of the model is impermeable, and the slurry
hole adopts the fixed flow rate boundary, which equates the
slurry process to the slurry velocity by the slurry hole wall
method. Take the water pressure at the model’s outlet as
the standard; that is, the pressure at the outlet is zero. The
left and right sides are free-flow boundaries in a hydrostatic
environment. The right side is still the free-flow boundary in
the dynamic flow environment, while the left side is the flow
boundary using the fixed head boundary. The working
conditions are shown in Table 2.

3.2. Governing Equation of Motion. Regardless of the com-
pression of slurry and water, the Navier–Stokes equation in
full form is used to react with the fundamental relationship
between fluid flow and force of the continuous equation:

ρ u ⋅ ∇ð Þ = ∇ −pI + K½ � + F,

ρ∇ uð Þ = 0,

K = μ ∇u + ∇uð ÞT
� �

:

ð1Þ
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In the formula, ρ is the fluid density; u is the velocity
field, p is the fluid pressure, F is the volume force on the
fluid, and μ is the power viscosity.

The horizontal set method is adopted to track the move-
ment of slurry water interface, and the governing equation is

∂ϕ
∂t

+ u∇ϕ = γ∇ ϵ ls∇ϕ − ϕ 1 − ϕð Þ ∇ϕ
∇ϕj j

� �
: ð2Þ

In the formula, ϕ is the level set variable, t is the time, γ

is the reinitialization parameters, and ϵ1s is the control inter-
face thickness parameters.

4. Law Analysis of the Hydrostatic Environment

4.1. Diffusion Pattern of the Hydrostatic Environment.
Through simulation, it is found that the diffusion shapes of
the two grout at different temperatures are almost the same
in the hydrostatic environment, and all of them show the
morphology as shown in Figure 5, where the red part repre-
sents the slurry and the blue part represents the water.

The diffusion speed of the slurry along the four direc-
tions is equal, and the diffusion area is circular. The slurry’s
diffusion is then blocked by the boundary, the spread to the
boundary is slowed, and the slurry’s diffusion shape changes.
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Figure 1: Time-varying viscosity curve of the cement slurry at different temperatures.
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Figure 2: Time-varying viscosity curve of the cement-sodium
silicate slurry at different temperatures.

Table 1: Temperature and wildlife count in the three areas covered
by the study.

Type of
slurry

Temperature
[°C]

The time-varying characteristic
equations of viscosity

Cement
slurry

20 μ = 0:01736 + 4:78571 × 10−5 t

40 μ = 0:02144 + 5:39011 × 10−5 t

60 μ = 0:02614 + 6:45055 × 10−5 t

80 μ = 0:03096 + 7:35165 × 10−5 t

C-S slurry

20 μ = 2:71354 × 10−11 t6:76022

40 μ = 2:18059 × 10−8 t5:38292

60 μ = 8:93584 × 10−5 t3:50253

80 μ = 3:21232 × 10−4 t3:4143

μ: viscosity; t: time. For cement, the unit of t is [min]. For C-S, the unit of t
is [s].
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Furthermore, the figure clearly shows that the slurry’s diffu-
sion rate is high at first, but as the pulping progresses, the
diffusion radius increases, and the diffusion rate gradually
decreases, and at 25 s, the slurry diffuses to the crack bound-
ary and the slurry sealing is completed. It can be considered
that the diffusion of grout in a hydrostatic environment is
independent of temperature and type of grouting slurry.

4.2. Pressure Field Variation

4.2.1. Pressure Contour. Similar to the diffusion trajectory,
the shape of pressure isolines at different grout types and
temperatures is the same, and all of them show the morphol-

ogy as shown in Figure 6, which is circular near the slurry
hole and is more densely distributed, while the pressure con-
tours away from the position of the slurry hole are sparse,
indicating that the pressure decreases rapidly in the fluid.
The pressure contours begin to appear further away from
the slurry holes as the pulping progress, indicating that the
pressure’s influence range is expanding, and this part of
the pressure contours is not a closed curve due to the
obstruction of the boundary.

4.2.2. Grouting Time Distribution. However, the numerical
value of the pressure contour is different at different temper-
atures and slurry types. The slurry pressure rises as the
ground temperature rises. Figure 7 shows the relationship
between injection pressure and time by monitoring the posi-
tion pressure of the injection hole. It can be seen that for
cement slurry, the slurry pressure increases linearly over
time, and for every 20°C increase in temperature, the slurry
pressure increases by an average of 10Pa. For C-S slurry,
when the temperature is below 60°C, the injection pressure
also increases linearly over time, but when the temperature
reaches 80°C, the growth rate of the injection pressure
increases with the injection time, and the pressure increases
with time. For the same type of slurry, the higher the

Survey line 2
Survey line 1

Figure 4: Arrangement of survey line.

1 m
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m

m

Grouting pipe

2 m
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Figure 3: Geometric model and mesh division.

Table 2: Working conditions.

Type of
grouting slurry

Grouting rate
[m/s]

Inlet pressure
[kPa]

Temperature[°C]

Ordinary
cement

0.20 0 25, 40, 60, 80

C-S 0.20 0 25, 40, 60, 80

Ordinary
cement

0.50 10 25, 40, 60, 80

C-S 0.15 28 25, 40, 60, 80
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temperature, the higher the viscosity at the same time and
the faster the viscosity growth rate, and C-S slurry injection
pressure is much higher than cement slurry injection pres-

sure, C-S slurry pressure growth rate is much higher than
cement growth rate, and C-S slurry pressure is hundreds of
times cement pressure.
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4.2.3. Pressure Spatial Distribution. With the injection hole
as the center, the pressure distribution on line 1 and line 2
can be monitored with the change of slurry type and temper-
ature; as shown in Figures 8 and 9, the distribution of spe-
cific pressure size can be obtained. The analysis of these
graphs reveals that the injection pressure increases all along
the line as the injection process progresses, and that the
higher the temperature at the same time, the greater the
pressure on the measuring line, and the greatest increase in
pressure at the injection hole. In addition, on line 1, the pres-
sure in the fluid gradually approaches 0Pa, i.e., the outflow
boundary pressure, and the later the time, the higher the
temperature, the greater the pressure, and the longer it takes
to drop to 0Pa. Because of the boundary blocking, the pres-
sure on line 2 will not be reduced to 0Pa, and the minimum
pressure will increase as injection time and temperature
increase. Furthermore, the pressure in the fluid is the sym-
metrical distribution of the injection hole, and the pressure
of C-S slurry at the same position is much greater than the
pressure of cement slurry.

Although the size of the pressure in the fluid changes
with temperature, time, type of slurry, etc., the law of atten-
uation has not changed: the attenuation of the injection
pressure slows as it moves away from the slurry hole, and
the attenuation of the pressure of 0.2m in the injection hole
is completed 80% and 90% in 0.4m, the higher the temper-
ature, the faster the pressure attenuation speed near the
slurry hole, which is also in line with the distribution of
the pressure contour, and the pressure attenuation speed
on line 2 is lower than the measuring line 1.

5. Diffusion Law of the Flow Environment

5.1. Diffusion Morphology Analysis. Under the condition of
flow environment, the diffusion trajectory of grout becomes
different due to the scour of water flow.

5.1.1. Cement Slurry. It is a cement slurry because of its small
viscosity; so, the ability to resist the flow of water washing is
weak. In the process of filling, most of the cement slurry is
taken away by the water flow. Furthermore, the diffusion
of cement slurry varies greatly in different directions: cement
slurry primarily spreads along the water, and diffusion in the
reverse water direction is almost nonexistent. The distribu-
tion of cement slurry in a wavy shape can be seen near the
model’s exit. Furthermore, while the viscosity of cement
slurry increases slightly with temperature, it is still insuffi-
cient to resist the washing of water flow. The change in
cement grout diffusion morphology with increasing temper-
ature is not obvious in the simulated period, and all of them
show the morphology shown in Figure 10.

5.1.2. C-S Slurry. C-S slurry as a quick condensate, viscosity
can be raised in a short period to a value sufficient to resist
the flow of water wash and seal the fissure, and the temper-
ature effect is also very obvious. Unlike static water injection
slurry, the initial slurry sealing speed is slower in dynamic
water due to the strong flushing of water flow, and with
the injection of slurry, C-S slurry viscosity increases, the
ability to resist water flow is stronger, blocking speed is
faster, and the higher the temperature. The time required
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Figure 8: Pressure distribution on survey line 1.
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for blocking is shorter, and the time required for blocking is
75 s, 70s, 55 s, and 50s, respectively, at 25°C, 40°C, 60°C, and
80°C. The specific diffusion trajectory of the C-S slurry is
shown in Figure 11. It can be seen that the diffusion of C-S
slurry is divided into three stages.

In the first stage, due to the low viscosity of C-S slurry,
most of the C-S slurry is taken away by water flow, only after
the injection hole retains the lower part of C-S slurry reverse
water, and the spread of both sides is very small.

In the second stage, with the injection of slurry, C-S
slurry viscosity continues to increase, it begins to be able to
resist the wash of water flock, C-S slurry gradually spread
to both sides and the opposite side of the water, and the
reverse water side diffusion rate is slower than on both sides
due to the more intense flushing.

In the third stage, due to the spread of C-S slurry to both
sides, the fissure is gradually blocked, the water flow speed is
slowing down, the flushing effect of the water flow is decreas-
ing, the diffusion speed of the opposite waterside is gradually
accelerated, and in the direction of vertical water flow,
because the water flow channel becomes narrow, the water
flow rate decreases slowly, which leads to the water flow on
both sides of the injection hole is still strong, so that the flow
rate of C-S slurry in this direction is less than the diffusion
speed of C-S slurry in the direction of the reverse water.

As the temperature of water increases, the first two
stages of the slurry take up less and less time, and when it
reaches 80°C, the first stage is no longer observed. In addi-
tion, the temperature increases. The time required for crack
sealing is also decreasing, with temperature increases from
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25°C to 40°C, from 40°C to 60°C reducing crack sealing time
by 5 s, and time to seal from 40°C to 60°C decreasing by 15 s.
The analysis suggests that when the temperature is lower, the
viscosity change is relatively small, and the slurry efficiency
changes little, whereas when the temperature is higher, the
flow rate of the slurry is the dominant factor in the time

required for sealing, limiting the further reduction of the
blocking time.

In this model, it can be seen that in this model, C-S
slurry dynamic water pressure is higher, and the slurry flow
rate is lower, but it can complete the sealing of the fissure in
a short period, and at the same time, the cement slurry is still
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Figure 11: Diffusion patterns of C-S grout at different temperatures.
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not resistant to flushing and cannot complete the crack seal-
ing work. Therefore, in the dynamic water environment, C-S
slurry blocking effect is better than cement slurry.

5.2. Pressure Field Variation

5.2.1. Variation in Cement Slurry Pressure Field

(1) Pressure Contour. The viscosity of cement changes at
different temperatures is small enough in the dynamic water
environment to cause the pressure contour to change signif-
icantly, the pressure contour distribution at different
temperatures is the same, the numerical size difference does
not exceed 5%, and the specific distribution is shown in
Figure 12. The pressure distribution around the slurry hole
is extremely complex at this point.

It can be seen that the distribution of pressure contours
can be divided into three parts: the left side of the slurry
hole, the spread of the two sides of the slurry increasing, that
is, the head of the “comet,” and the spread of the two sides of
the slurry suddenly reduced, that is, the tail of the “comet.”
The pressure value is high on the left side of the injection
hole, the pressure contour forms a closed shape through
the slurry hole, and the distribution at the injection hole is
dense. Because of the winding, the pressure at the head of
a comet is minimal or even negative, and the pressure con-
tours are very dense at the comet’s head and tail junction.
The pressure contours in the tail area are closed ring-
shaped and sparsely distributed.

(2) Pressure Time Distribution. The distribution of pressure
contours can be seen, and the injection hole reverse water
measurement pressure is the largest; so, the reaction pres-
sure at this position changes over time, as shown in
Figure 13. In the initial stage of slurry injection, the pressure
rises rapidly, basically stable after 8 s, the pressure size at dif-
ferent temperatures is the same, and the difference is not
more than 5%; so, the rapid increase of cement slurry pres-
sure is not related to the viscosity change of cement slurry,
presumably due to the change of slurry diffusion pattern
makes the water’s winding movement change, so that the
pressure is rising rapidly.

(3) Pressure Spatial Distribution. Monitor the distribution of
pressure on line 1 and line 2, as shown in Figure 14. On line
1, on the reverse waterside, the slurry pressure decays rap-
idly after moving away from the injection hole, the attenua-
tion of 0.2m pressure in the injection hole is 80%, and 90%
is done within 0.4m. On the water side, a clear negative
pressure zone is produced due to the flow of water, the pres-
sure along the direction of the water first drops and then
rises, to 0.8m rise to the maximum value, and then began
to slowly drop to 0, and the longer the injection time, the
larger the negative pressure area and the greater the mini-
mum and maximum pressure. On line 2, the pressure
increases from a negative value that increases to a maximum
value at 0.1m and remains the same, and the value decreases
with the injection.

5.2.2. Variation in C-S Slurry Pressure Field. Unlike cement
slurry, the change of viscosity of C-S slurry at different tem-
peratures is very significant, which makes the change of
pressure at different temperatures obvious.

(1) Pressure Contour. The change of pressure contour in the
pulping process is shown in Figure 15 and can be roughly
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Figure 12: Cement slurry pressure contour.
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divided into four stages. In the first stage, the pressure con-
tours near the injection hole are all passed through the injec-
tion hole, the pressure contours on the inverse water side of
the injection hole are elliptical, the pressure contours on
both sides are the dividing line of the slurry hole, the pres-
sure contours on the counter water side of the slurry hole
are curved in the direction of reverse water, and the pressure
contours on the water side of the slurry hole are curved in
the direction of the water. The pressure contour is perpen-
dicular to the initial flow rate of the moving water on the
down water side away from the injection hole. In the second
stage, the pressure contours on the inverse water side of the
injection hole gradually extend outwards and change from
closed to nonclosed, and the pressure contours become
sparse. In the third stage, the nonclosed pressure contours
on the inverted water side of the injection holes gradually
disappear, and the closed pressure contours that wrap the
slurry holes begin to appear near the injection holes, and
the closer the injection holes, the denser the pressure con-
tours. In the fourth stage, the vertical pressure contour
appears on the inverse water side of the injection hole,
and the pressure contour in the model is similar to the
shape of the pressure contour in the slurry hole. Further-
more, as the temperature rises, the time required for the
first two stages decreases gradually. At 40°C, the first stage
of the pressure contour is difficult to observe, and when
the temperature reaches 80°C, the first and second stages
are difficult to observe.

To monitor the pressure on the water side of the slurry
hole, Figure 16 is obtained. The analysis found that at the
beginning of the injection, the slurry because of the small

viscosity of C-S slurry, low diffusion, and the winding effect
of the water flow is strong, and the pressure is greater. With
the pulping, the C-S slurry spreads further, the winding
action is reduced, and the pressure gradually decreases; then,
because the viscosity of the slurry is high, it becomes the
main factor affecting the pressure size, and the pressure
begins to rise as the viscosity increases. When the local
temperature is above 40°C, the viscosity of the slurry is
large, the effect of the increase of viscosity on the pres-
sure has been dominant, and the pressure increases with
the injection time.

For all temperatures, the growth rate of pressure
increases over time, and at a certain point in time, the same
time as the corresponding temperature of the rapid growth
of viscosity, that is, the higher the temperature, the sooner
the rapid growth and the faster the growth rate. Further-
more, the maximum pressure required for slurry cannot be
determined simply by comparing temperatures; at high tem-
peratures, the viscosity of the slurry is higher, but it is faster
to seal the fissure; so, the maximum injection pressure
required is lower. The maximum pressure at 60°C is the
smallest of all temperatures simulated in this paper.

(2) Pressure Spatial Distribution. Monitor the distribution of
pressure on line 1 and line 2, as shown in Figure 17. The spa-
tial distribution law of C-S slurry in moving water is similar
to that in static water, whether it is line 1 or line 2, the pres-
sure is decreasing after staying away from the injection hole,
and the closer the injection hole, the faster the drop speed, in
the range of 0.2m that can decay by 80%. Furthermore, the
longer the slurry time, the higher the pressure at the same
position, and the faster the pressure drops. On line 1, the
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pressure on the right side of the injection slurry hole is lower
than the pressure on the left side of the injection hole at the
same distance due to the influence of the backwater side, and
the pressure attenuation speed on the right side is faster; on
line 2, the same distance, the longer the slurry time, and the
higher the temperature, the greater the pressure, and the
faster the pressure drop.

6. Discussion

Previous researchers have carried out extensive grouting lab-
oratory tests as well as theoretical and numerical experi-

ments. To verify the accuracy of numerical simulation in
this study, the room temperature part of simulation results
was qualitatively compared with the study results of Li
et al. [45].

Li et al. used C-S grout for the grouting test, the cement
used in the test was P.O.32.5, and the volume ratio of W: S
was 1 : 1. The grouting model is 4m long and 2m wide, the
grouting hole diameter is 5mm, and the grouting speed of
Li et al. is 0.4m/s. [46] For a hydrostatic environment, the
volume ratio of C: S is 1 : 1. [47] For the flow environment,
the flow velocity is 0.6m/s. [48] The comparison of the
results is shown in Figures 18 and 19.
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In the hydrostatic environment, the diffusion behavior of
slurry is circular, and the simulation results are consistent
with the experimental results. In the flow environment, the
grout initially has an elliptical distribution, and then the dif-
fusion form of the grout gradually changes from a closed
elliptic shape to a U-shaped shape, with the diffusion range
in the upstream direction being smaller than the diffusion
range in the downstream direction. The simulation results
agree well with the experimental results.

Based on the above analysis, the diffusion behavior of
grout and grouting pressure change at room temperature is
similar to the experimental law of other scholars. The results
show that the established values are stable and feasible in
fractured media and can be used to analyze fracture grouting
at different temperatures.

7. Conclusion

Slurry injection is a commonly used engineering treat-
ment, but the diffusion characteristic C-S of slurry will
change in the high-temperature environment. A numerical
simulation study on the diffusion law of high-temperature
betting slurry was conducted based on the viscosity char-
acteristic C-S of cement and water glass measured by
indoor tests at different temperatures. From this study,
we can draw the following conclusions.

(1) Under a hydrostatic environment, the diffusion rate
of slurry is independent of the temperature and the
type of slurry, the time required for the slurry to seal
the fissure is the same, but the temperature change,
and the slurry type will lead to a change in the injec-
tion pressure: the same slurry, the higher the tem-

perature, and the higher the pressure required for
slurry injection

(2) In the flow environment, C-S slurry blocking effect is
better than the cement slurry blocking effect; at the
same time, C-S slurry has been able to seal the
cracks, and cement slurry viscosity is still not enough
to resist the washing of water flow

(3) For cement slurry, the effect of temperature change on
the diffusion pattern of slurry and the injection pressure
is not obvious. The higher the temperature of the C-S
slurry, the shorter the time required to seal, but the
pressure rises faster, and the final sealing gap requires
injection pressure to be reduced and then increased
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(e Gongbei Tunnel Project is a key phased project of the Zhuhai Connection Line of the Hong Kong–Zhuhai–Macao Bridge, and
the freeze-sealing pipe-roof (SFPR) method was first applied successfully. During this period, in order to obtain the best ar-
rangement of freezers, three configurations, that is, solid pipe with circular freezer (SCF), empty pipe with double circular freezer
(EDCF), and empty pipe with special-shaped freezer (ESF), were designed to analyze their freezing effects. (e model test results
show that the freezing temperature fields excited by different arrangements of freezers are obviously different, and the freezing
effect of ESF is the best. (e numerical simulation results indicate that the temperature cloud diagram of SCF at 42 h is butterfly-
shaped after opening the limit pipes, and the temperature cloud diagrams of ESF and EDCF are the same as the model test results.
However, the processing method of ESF is relatively complex, which adopts arc angle steel welding requiring a lot of reverse
welding and high welding quality. Eventually, EDCF is recommended to ensure the quality of frozen walls due to its lower cost and
better freezing effect. (is research plays a basic role in the implementation of the freeze-sealing pipe-roof method.

1. Introduction

With the further progress of urbanization, the develop-
ment and utilization of urban underground space are
facing an increasingly harsh construction environment
[1], especially, it is more severe during the construction of
urban tunnels in shallow and water-rich strata. Under
this background of urban construction, the artificial
ground freezing (AGF) method has been widely used due
to its environmental friendliness [2]. So far, projects
using AGF technique, such as the cross-passage con-
struction of Zhuji Intercity Rail Transit, China [3], the
turn-back tunnel construction of Guangzhou Metro Line
3 Tianhe Station, China [4], the tunnel construction of
Nanjing Metro Line 2 Xinjiekou Station, China [5], and
so on, have all achieved good social benefits. Besides, the
frozen wall formed by the AGF method mainly plays a
role in water sealing [6], and its bearing capacity is
relatively weak compared with the steel pipe jacking

structure. Some successful applications of steel pipe
jacking structure in the tunnel excavation are as follows:
rectangular pipe jacking construction between two par-
allel tunnels in Nanjing, China [7], four parallel pipe
jacking construction under Guan River, China [8], two
steel pipe jacking construction under Yangtze River,
China [9], and so on. (ese presupporting methods
provided good construction conditions for tunnel ex-
cavation but exposed the weakness of water sealing, es-
pecially in long distance curved pipe-jacked projects. Hu
et al. [10] have been committed to combining the two
construction methods to obtain better engineering ap-
plication value, and four research methods, that is,
theoretical analysis [11], numerical simulation [12],
model test [13], and field monitoring [6], have been
implemented to verify the feasibility of this new
construction method. (is novel method is named freeze-
sealing pipe-roof (SFPR) method, an auxiliary method
combining the pipe-roof method and artificial freezing
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method, where the steel pipe-roof mainly plays a role in
load bearing and the frozen soil curtain mainly plays a
role in water sealing. Benefitting from the support of the
above research, SFPR has successfully solved many
construction problems of the Gongbei tunnel, including
shallow buried depth, large section [14], abundant water,
large curvature, etc.

However, there are still many possibilities available for
the research of freezers arranged in steel pipes, such as the
shape of the freezer, number of the freezer, location of the
freezer, and so on. Four mainstream methods can be used to
study these problems; they are theoretical analysis, nu-
merical simulation, model test, and field monitoring. Qi
et al. [15] studied the temperature field expansion of basin-
shaped freezing method through physical model test and
numerical simulation; it shows the gradual development of
freezing from backwater surface to front water surface under
seepage condition. Liu et al. [16] studied the freezing effect
considering the pipe inclination in the unit cell model by
prescribing various values of freeze pipe spacing based on a
coupled thermohydraulic finite element method. Vitel et al.
[17] studied the heat transfer between the freeze pipe and the
surrounding ground and established a developed model to
conduct parametric studies on operating conditions, re-
frigerant type, system geometry, or ground properties
through numerical simulation. It is not difficult to see that
model test and numerical simulations are more popular.

In view of this, this paper studies the distribution law of
the freezing temperature field excited by different ar-
rangements of freezers, based on the SFPR method con-
struction of the Gongbei tunnel. Specifically, the model test
and numerical simulation of three configurations are
designed by using the wet-heat similarity criterion. (ey are
solid pipe with circular freezer (SCF) freezing configuration,
empty pipe with double circular freezer (EDCF) freezing
configuration, and empty pipe with special-shaped freezer
(ESF) freezing configuration, respectively. All the basic re-
search is the expansion and enrichment of the SFPR tech-
nique, which also provides a favorable reference for the
follow-up projects similar to the Gongbei tunnel.

2. Project Overview

As a critical part of the Zhuhai connection highway of the
Hong Kong–Zhuhai–Macao Bridge project, the Gongbei
tunnel is located in the Xiangzhou District of Zhuhai City
and has a length of 2.74 km. (at length is divided into an
open excavation section of the sea area (1225m length), an
underground excavation section of the port (255m length),
and an open excavation section of the land area (1229m
length). Amongst these divisions, the underground exca-
vation section of the port is the largest undercut tunnel in the
world, with a buried depth of 4–5m and an excavation
section area of 337m2. (e plane layout of the underground
excavation section of the Gongbei tunnel is shown in Fig-
ure 1. Furthermore, this section passes through the Gongbei
port with poor geological and sensitive environmental
conditions, such as high groundwater level, soft stratum,
dense building groups, and mass population flow. It is

required not to affect the normal passage of the Gongbei port
and normal use of surrounding buildings and underground
pipelines during the construction of the Gongbei tunnel.

As a new construction technique that combines the pipe
jacking method with the artificial ground freezing method,
the freeze-sealing pipe-roof method has been proposed and
applied to the construction of the Gongbei tunnel. As shown
in Figure 2, 36 steel pipes with a diameter of 1620mm are
arranged around the Gongbei tunnel, in which the odd-
numbered pipes are filled with microexpansive concrete,
while the even-numbered pipes are not filled with any
materials. Besides, in each odd-numbered pipe, two
Φ125mm circular freezing pipes are embedded for soil
freezing, and one Φ159mm limit pipe is embedded to
control the scope of the frozen curtain. Correspondingly,
two special-shaped freezing pipes are welded on the inner
wall of each even-numbered pipe to intensify the soil
freezing.

In this paper, a new freezing configuration that empty
pipe with a double circular freezer (EDCF) is proposed based
on the exiting two freezing configurations (SCF and ESF),
and it has the advantages of lower cost and convenient
processing. (erefore, it is meaningful to determine the
optimal arrangement of freezers from many aspects among
these three freezing configurations.

3. Design of Model Test

3.1. Similarity Criterion

3.1.1. Temperature Field Similarity. (e heat conduction
equation of the frozen zone and the unfrozen zone is as
follows:

zθn

zτ
� an

z
2θn

zr
2 +

1
r

zθn

zr
􏼠 􏼡, (1)

where θn is temperature; when n� 1, it is the temperature in
the unfrozen zone; when n� 2, it is the temperature in the
unfrozen zone; τ is time; an is the thermal conductivity
coefficient.

(e temperature boundary conditions are as follows:

θ(r, 0) � θ0,

θ(∞, τ) � θ0,

θ(ρ, τ) � θD,

θ r0, τ( 􏼁 � θy,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2)

where θ0 is the initial temperature of soil; θD is the freezing
temperature; θy is the brine temperature.

Besides, at the frozen front (r� ρ), the heat balance
equation is as follows:

λ2
zθ2
zr

|r�ρ − λ1
zθ1
zr

|r�ρ � B
dρ
dτ

, (3)

where B is the latent heat; λ1 is the thermal conductivity in
the unfrozen zone, while λ2 is the thermal conductivity in the
frozen zone.
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According to the differential equation of the freezing
temperature field, the similarity criterion equation of the
freezing temperature field can be obtained as follows
[18, 19]:

F F0, K0, L0, θ( 􏼁 � 0, (4)

where F0 is the Fourier criterion, F0 � aτ/r2, a is the tem-
perature diffusivity of sand (m2/s), τ is time (h), r is the
frozen wall position; K0 is Kosovic’s criterion, K0 �Q/tc, Q is
the latent heat released when the unit mass of sand is frozen
(J/g), t is the temperature (°C), and c is the specific heat (J/
(g°C)); L0 is the geometric criterion; θ is the temperature

criterion, including sand initial temperature θ0, brine
temperature θy and freezing temperature θD.

3.1.2. Moisture Field Similarity. (e governing equation of
water migration is as follows:

zh

zτ
� b

z
2
h

zr
2 +

1
r

zh

zr
􏼠 􏼡, (5)

where h is the humidity; b is the moisture conductivity
coefficient.

(e moisture boundary conditions are as follows:
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Macua Joint Inspection Building

Figure 1: Layout chart of the Gongbei undercut tunnel.
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h(r, 0) � h0,

h(∞, τ) � h0,

h(ρ, τ) � 0,

⎧⎪⎪⎨

⎪⎪⎩
(6)

where h0 is the initial humidity.
According to the differential equation of the moisture

field, the similarity criterion equation of the moisture field
can be obtained as follows:

F Fh, Hh, Lh( 􏼁 � 0, (7)

where Fh is the Fourier criterion, Fh � bτ/r2, b is the moisture
conductivity coefficient of sand, τ is time(h), r is the frozen
wall position;Hh is the humidity criterion,H� h/h0; Lh is the
geometric criterion.

3.1.3. Scaling Laws. If the model material is the same as the
prototype material, the thermal conductivity scaling law
Ca � 1 and the specific heat scaling law Cc � 1.(e latent heat
scaling law CQ � 1 can be obtained by guaranteeing that the
model soil moisture content is the same as the prototype. It
can be deduced from equation (4) that

Cτ � C
2
l ,

Ct � 1,
(8)

where Cτ is the time scaling law, Ct is the temperature scaling
law, and Cl is the geometric scaling law, which is Cl � 10 for
this model test. (e test discussed in this paper focused on
the distribution of the temperature field, providing a
comparison of the optimum results of the FSPR process.
Because the tests were conducted at a partial scale, the
saturated sand used in the test was reformulated according
to the nature of the undisturbed soil at the Gongbei Tunnel
Project site to ensure the scaling law of materials.

(e velocity of saltwater in the freezing tube can be
described by the following:

v′ � Clv, (9)

where v′ is the velocity of saltwater in the freezer of the
model, and v is the velocity of saltwater in the freezer of the
prototype.

(e dimensions of the jacking pipe and freezers are
shown in Table 1 according to the geometric similarity ratio.
Besides, in the model test, low-temperature brine consistent
with the engineering site is selected as the refrigerant. (e
freezers are sealed and connected with rubber pipes with an
inner diameter of 8mm, and the flow through the single pipe
is controlled as 0.5m3/h (0.5m3/h in engineering site), while
the velocity of the refrigerant is controlled as 165.8m/min
(16.58m/min in engineering site), according to equation (9).

3.2. Design of Model Box. (e test is carried out in the
freezing station of the project department of Liuzhuang
Mine, China.(e size of the test box is 3.3m× 1.2m× 1.5m,
and the thickness of the steel plate is 6mm.(e height of the
pipe curtain from the bottom of the model box is 520mm.
All the inner surface of the steel plate is laid with foam

insulation board with a thickness of 100mm. (e design
drawing of the model box is shown in Figure 3.

Figure 4 shows the photographs of three freezing con-
figurations in the model box. Figure 4(a) shows the solid
pipe with a circular freezer (SCF), and the steel jacking pipe
is filled with a C30 crushed stone concrete. Two circular
freezers are symmetrically distributed in the horizontal
direction of pipe jacking, while two limiting pipes are
symmetrically distributed in the vertical direction of pipe
jacking. Figure 4(b) shows an empty pipe with a double
circular freezer (EDCF). Four circular freezers are sym-
metrically arranged in the horizontal position of the pipe
jacking and wrapped with cement mortar. Figure 4(c) shows
an empty pipe with a special-shaped freezer (ESF). Two
special-shaped freezers made of angle steels are symmetri-
cally arranged at the horizontal position of the pipe jacking.
After the pipes and test elements are arranged, the saturated
sand is backfilled. Meanwhile, the thermodynamic tests are
carried out to obtain the water content, dry density, freezing
point, thermal conductivity and et al. of the saturated sand,
and test results are shown in Table 2.

3.3. Design of Freezing System. Figure 5 shows the low-
temperature circulating brine refrigeration system used in
the model test. (e temperature of brine circulating in the
freezers is controlled as −21°C, while the temperature of
brine circulating in the limiting pipes is controlled as 7°C.
Each freezing pipe was equipped with an independent
switch.

3.4. Design of Monitoring System. Figure 6 shows the tem-
perature monitoring points distributed at the three direc-
tions (0°, 45°, and 90°) surrounding the SCF, EDCF, and ESF.

(e monitoring system adopts the TDS-630 multi-
point test system, and the temperature sensor of the
thermocouple is selected as the test material. (e CW-500
digital temperature measurement system is also used as
the second temperature measurement system to ensure
measurement accuracy and reliability. (e temperature
monitoring points of the two temperature sensor systems
are arranged in the box in an ‘axisymmetric’ manner, as
shown in Figure 7.

(e monitoring time is 0.5 h (the fastest is 15min) in the
early freezing period, and it is adjusted to 1 h in the late
freezing period. Besides, the system is set to automatically
collect data, and the monitoring time interval is appropri-
ately extended after data stabilization.

3.5. Model Test Process

(1) Before the test, the physical indexes such as moisture
content, dry density, freezing temperature, and
thermal conductivity of the saturated sand were
measured by cutting ring sampling. (e test time,
ambient temperature, and initial temperature of the
sand in the box were recorded before freezing.
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Table 1: Dimensions of jacking pipe and freezers.

Name Original dimension (mm) Model dimension (mm)
Pipe jacking (inner diameter) 1590 159
Circular freezer (inner diameter) 80 8
Special-shaped freezer (angle steel) 125×125 12.5×12.5
Limit pipe (inner diameter) 80 8

1100

500

Circular freezer
Limit pipe

Insulation board (100)

Cement mortar
Double circular freezer

Saturated sand

Weld

Unit: mm

Special-shaped freezer

159 441 500 159 441 500 159

52
0

12
00

441

Solid pipe Empty pipe Empty pipe

1100 1100

Configuration 3Configuration 2Configuration 1

1500

Figure 3: Schematic diagram of model box.

(a) (b) (c)

Figure 4: Pipe jacking layout drawing: (a) SCF; (b) EDCF; (c) ESF.

Table 2: Properties of the test soil.

Test soil Saturated moisture
(%)

Density
(g·cm−3) (ermal capacity

(kJ·kg−1°C−1)
(ermal conductivity

(W·m−1K−1)
Freezing temperature

(°C)
ρ ρd

Saturated
sand 40.29 1.435 1.317 1.372 1.475 −10

1.683 1.087 20
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(2) (e refrigerator is opened to ensure that the brine
temperature in the brine tank is fully reduced to the
design temperature.

(3) (e low-temperature brine system began to circu-
late, and all the test areas were simultaneously ac-
tively frozen. (e test system comprehensively

Freezer

Limit pipeValue
Flowmeter

Refrigerator

HeaterConfiguration 3Configuration 2Configuration 1

Solid pipe Empty pipe Empty pipe

15
00

 m
m

Figure 5: Freezing system of the model test.
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7-4
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9-2

50Special-shaped freezer

9-3
9-4
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Figure 6: Arrangement of temperature monitoring points: (a) SCF; (b) EDCF; (c) ESF.
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Figure 7: Arrangement of measurement plane.
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worked, and the temperature data were regularly
monitored until the end of the first test process (the
temperature of the measuring point at 100mm above
the pipe jacking was reduced to −1°C). At this time,
the thickness of the frozen wall reached the designed
thickness (360mm in total).

(4) (e active freezing time was set to 42h. (e limiting-
pipe test was carried out to study the effect of the
limiting-pipe. When the active freezing was 21h, the
limiting brine constant temperature heater was opened,
and the limiting brine circulation was carried out.

(5) After freezing to the specified test time, the refrig-
eration unit stopped supplying cold, and the normal
temperature brine was circulated in the circular
freezing pipe. All the test areas entered the forced
thawing period until the saturated sand returned to
normal temperature. (e thawing time was con-
trolled according to the temperature data of the
measuring points.

4. Analysis of Model Test Results

4.1. Freezing Effect of SCF. Figure 8 shows the ‘temperature-
time’ curves of the monitoring points at 90°, 45°, and 0°,
respectively. (e legend with ‘∗ ‘ represents the freezing
mechanism that opens the limiting pipes after freezing for
21 h, while the legend without ‘∗ ‘ represents the freezing
mechanism that does not open the limiting pipes through
the freezing period.

Figure 8 demonstrates that the temperature change trend
of each temperature measurement point around the pipe
jacking in the horizontal direction and in the 45° angle
direction with the horizontal direction is consistent. (e
temperature decreases with time, and the temperature drop
is larger in the early stage of freezing and smaller in the later
stage. (e closer to the freezers, the greater the temperature
drop is, while the farther away from the freezers it is, the
smaller the temperature drop is, and the smoother the curve
is

When the limit pipe is opened at 21 h, the temperature
rises, especially at the temperature measuring points 1–4
∗ , 2–1 ∗ , and 3–1 ∗ , it shows a jump rise, while it
gradually tends to be stable after the limit pipe is opened
for a period of time. Besides, the temperature of the
temperature measurement point far from the limit pipe
also increases, but its increasing range is smaller than that
close to the limit pipe. (e test result also shows that the
temperature influences the range of the limit pipe within
a 100mm radius, and the limit pipe only slows down the
rate of temperature decrease, but it does not increase the
temperature.

(erefore, opening the limit pipe can effectively control
the temperature and ensure the temperature around the pipe
jacking changes evenly.

4.2. Freezing Effect of SCF, EDCF, And ESF. Figure 9 shows
the ‘temperature-time’ curves of the monitoring points at
90°, 45°, and 0° in SCF, EDCF, and ESF, respectively.

Furthermore, Figure 9 demonstrates that the tempera-
ture change law is basically the same at the same monitoring
direction among three freezers arrangements. (ey all show
a ‘layered’ downward trend with the increasing radius. From
the temperature drop trend, the early temperature drop rate
of all measuring points is large, and then the later tem-
perature drop rate gradually tends to 0. Besides, the tem-
perature of the ESF decreases faster in the same freezing
time, and the freezing effect is better. (e closer to ESF it is,
the faster the early temperature drop rate is, and the greater
the final cooling range is.

(e following equations are provided to study the
specific changes of temperature:

Vc �
tb − ta

T
, (10)

where Vc is the average temperature drop rate within the
selected time interval (°C/h); ta and tb are the initial and final
temperature of the selected time interval; T is the interval of
freezing time. Here, it is 21 h.

Figure 10 illustrates that the temperature drop rate of SCF is
0.69°C/h at 100mm, 0.96°C/h at 50mm, and 1.29°C/h at the
place close to pipe jacking. (e temperature drop rate of EDCF
is 0.53°C/h at 100mm, 0.77°C/h at 50mm, and 1.08°C/h at the
place close to pipe jacking. (e temperature drop rate of ESF is
0.71°C/h at 100mm, 0.97°C/h at 50mm, and 1.34°C/h at the
place close to pipe jacking. During the period from 21h to 42h,
the temperature drop rates of the three freezers arrangements
are low.(e average temperature drop rate of ESF is the largest,
the formation time of frozen wall is the shortest, and the
freezing effect is the best. However, ESF adopts arc angle steel
welding, which is difficult to operate, and considerable seam
welding and overhead weldingmust be performed.(ewelding
requirements are high, the freezing liquid may easily leak, and
the maintenance cost is high in the later stage.(erefore, EDCF
can be used instead of ESF to ensure the freezing effect of the
frozen wall.

4.3. Freezing Effect of the Loop Monitoring Points. (e
temperature distribution in 42 h is obtained by
combining the temperature monitoring points of SCF,
EDCF, and ESF in the circumferential direction of 0, 50,
100, and 150mm, and the ‘temperature-time’ curve is
drawn as shown in Figure 11.

Figure 11 demonstrates that the temperature drop
gradient at the temperature measuring point, 0 mm away
from the pipe jacking, is the largest. Meanwhile, the
temperature drop gradient at the temperature measuring
point, 150 mm away from the pipe jacking, is the smallest.
It also illustrates that the temperature drop rate at the 45°
oblique in the horizontal direction is greater than that at
the horizontal direction, while the temperature drop rate
at the horizontal direction is greater than that at the
vertical direction.

4.4. Temperature Cloud Diagram. (e temperature cloud
diagram is drawn by Surfer software to show the evolution of
the temperature field, as shown in Figure 12.

Geofluids 7



Figure 12(a) shows that the temperature cloud diagram
of SCF at 42 h is butterfly-shaped, and the frozen wall above
the limit pipe is thinner than that of EDCF and ESF. (e
development of the frozen soil curtain is effectively con-
trolled when the limit pipe is opened, and the central
temperature of the pipe jacking is also increased. Besides, the
thickness of frozen soil in three freezing configurations is
similar. (at is, the frozen soil above the pipe jacking is
thinner than that below the pipe jacking after freezing for
21 h, and the central temperature of ESF is the lowest.

5. Numerical Simulation and Discussion

5.1.Model Establishment. In order to more comprehensively
understand the distribution of the freezing temperature field
under the three configurations, the corresponding two-di-
mensional numerical models are established, as shown in
Figure 13.

(e heat transfer analysis module in ANSYS is
adopted as the numerical simulation method using
ANSYS software due to its high fidelity [20–22]. (e grid
system of the computational domain is created using a
quadrilateral element, and its density is higher near the
steel pipes and the freezers. (e numerical model used in
this paper has a minimum element size of 0.3 mm, which
has a good mesh element quality and faster convergence
results [23].

5.2. Boundary Condition. (is model has three boundaries:
the first boundary is the soil boundary, which is counted as
insulation, and the initial soil temperature is set to 20°C. (e
second boundary and the third boundary are the freezer’s
wall and limiting-pipe wall, respectively, which are con-
sidered as the Dirichlet boundary condition with temper-
atures of –21°C and 7°C, respectively.
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Figure 8: Temperature-time curves of SCF: (a) 90° monitoring points; (b) 45° monitoring points; (c) 0° monitoring points.
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5.3. FreezingTemperatureFieldSimulationResultsDiscussion.
Figure 14 shows the freezing temperature field of three
configurations at 21 h and 42 h, respectively. It can be seen
from Figure 13 that the temperature field around the steel
pipe is evenly distributed. (at is, the thickness of the frozen
wall at the direction that upper, lower, left, and right of the
steel pipe is basically the same, after freezing for 21 h. In
engineering application, it is hoped that the development
speed of frozen wall in the connecting direction of left and
right freezers will be strengthened, which is conducive to the
formation of closed frozen soil curtain between pipe jacking.
Meanwhile, it is hoped that the development speed of the
frozen wall perpendicular to the connecting line will be
weakened, which is conducive to controlling the frost heave
and thaw settlement of the formation. From Figure 14(b),

the thickness of the frozen wall perpendicular to the con-
necting line of the freezers is effectively controlled after
opening the limiting pipes, which forms a butterfly-shaped
temperature field, the same of measured result. Besides, the
freezing effect of EDCF and ESF is almost the same, which
shows EDCF can replace ESF from the perspective of the
convenience of production and processing.

In order to further evaluate the reliability of the model
test, the temperature measurement results at the same po-
sition in the numerical simulation and the model test are
compared as shown in Figure 15.

Figure 15(a) and 15(b) show that the results of numerical
simulation and model test are in good agreement. Due to the
regulation of the limit pipe, the temperature at the top of
SCF is finally maintained at about 4°C, which can effectively
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Figure 9: Temperature-time curves of SCF, EDCF, and ESF: (a) 90° monitoring points; (b) 45° monitoring points; (c) 0° monitoring points.
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Figure 11: Temperature-time curves of the loop monitoring points: (a) 150mm; (b) 100mm; (c) 50mm; (d) 0mm.
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control the frost heave of the formation. Figure 15(c) shows a
certain deviation between the model test and numerical
simulation before 21 h. (e temperature in the model test is
higher than that in numerical simulation. During the model
test, there was brine leakage at the mouth of the special-
shaped freezer, but it was repaired quickly after finding this
problem. Besides, the temperature drop process of EDCF is
easier than that of ESF. (e freezing effect of ESF is con-
firmed as the best amongst the three different arrangements
(SCF, EDCF, and ESF) through model tests and numerical
simulations.

6. Conclusions

In this study, the model test and numerical simulation
methods are used to conduct an in-depth analysis of the
freezing temperature field under different layouts of the
freeze-sealing pipe-roof single pipe to obtain the optimal
structural type and layout of the freezing device. (e main
contents and achievements of this study are as follows:

(1) A large-scale model test system of single-pipe freezing
was established on the basis of the similarity criterion,
and a comparative study was conducted on the tem-
perature field of single-pipe freezing considering three

arrangement modes freezers (SCF, EDCF, and ESF).
(e results showed that the temperature drop rates of
SCF, EDCF, and ESF were 0.69°C/h, 0.53°C/h, and
0.71°C/h at 100mm; 0.96°C/h, 0.77°C/h, and 0.97°C/h at
50mm; 1.29°C/h, 1.08°C/h, and 1.34°C/h at 0mm; after
freezing for 21h. Besides, the temperature drop rates of
the three arrangements of freezers are all low after
freezing for 42h.

(2) (e numerical simulation results showed that the
temperature cloud diagram of SCF at 42 h is but-
terfly-shaped after opening the limit pipes, while the
temperature cloud diagrams of ESF and EDCF are
oval, and its results are highly consistent with the
model test results.

(3) (e model test results and numerical simulation
results all showed that the freezing effect of ESF is
the best amongst the three arrangements of
freezers (SCF, EDCF, and ESF). However, the
special-shaped freezer adopts arc angle steel
welding, which is difficult to operate, and
considerable welds and overhead welding must be
performed. (e welding requirements are high,
and the freezing liquid may easily leak. Moreover,
the maintenance cost is high in the later stage.
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Figure 15: Temperature variation comparison diagram: (a) SCF; (b) EDCF; (c) ESF.
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(erefore, EDCF instead of ESF can be considered
to ensure the freezing effect of the frozen soil wall.
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