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Abstract.

In NATM tunnels, water inrush and tunnel collapse are often encountered in silty-fine sand with abundant water

during excavation. Because of the special engineering properties of this stratum, grouting effect is difficult to achieve as
expected, and it is a major problem in the field of civil engineering. Taking Beijing Metro Line 10 as a case, we applied PFC3D
to simulate the process of grouting in this stratum. By analyzing the law of grout diffusing and porosity change under different
grouting pressures, the study found that grouting was a process of splitting, and grouting pressure played an important role. The
numerical results were verified by theoretical calculation analysis, and the grouting parameters were determined under the
various grouting pressures for practice. After the excavation of this tunnel, the concretions in silty-fine sand are similar to the
results of PFC3D simulation, which indicates that the grouting mechanism is confirmed by field observation further.
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1. Introduction

In tunnel practice, the silty-fine sand with abundant
water is often encountered. After excavation, the water and
sand can gush into the tunnel and may cause tunnel
collapse, which affects the safety of surrounding
environment, so it must be treated before excavation.
Grouting is a process that the grout is injected into the soil
by grouting equipment, and forms concretions after its
solidification. Because the grouted soil has characteristics
of high strength and waterproof, this method can improve
the soil effectively. Therefore, the grouting has been widely
employed in civil engineering (Stille et al. 2012, Loveridge
and Powrie 2014, Do et al. 2014).

Recently, many scholars have carried out deep research
on permeating grouting, compactin g grouting and splitting
grouting, and they put forward a series of grouting theory
and practice. Bjrn and Gustafson (2010) introduced the
application of grouting technology in Botnabana railway
tunnel project in northern Sweden, which suggested a
different approach to hydrogeological prognosis and the
grouting process, such as distribution of grouting classes,
increase of mixer capacities and regular use of two grouting
rounds. Kim et al. (2013) investigated the interaction of
pressure grouting and the basic properties of the grout,
through a series of laboratory tests performed on specially
designed. Silva et al. (2016) studied the mechanical
behavior of the soil after grouting, and concluded that the
injection had achieved satisfactory recovery of shear
strength. Dong-MeiZhang et al. (2018) analyzed the
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feasibility of grouting in controlling the subsidence of soft
tunnel stratum by introducing an engineering example of a
double O-shaped tunnel in Shanghai. Fatih Cel (2019)
summarized some parameters affecting the results of
cement-based permeation grout, such as rheological
properties, permeability coefficient of cement slurry and
injectability of cement slurry.

However, there are essential differences between silty-
fine sand with abundant water and Loess, clay, pebble soil
and other strata (Jun et al. 2015). As a type of sands, the
silty-fine sand has small particle size and uniform particle
composition, and the grouting is often considered as
permeation grouting. But, the engineering properties of
silty-fine sand are between sandy soil and cohesive soil, and
the permeability coefficient is generally 1.0x10-3 cm/s, so
the slurry is very difficult to infiltrate, especially in
abundant water condition, which leads to more engineering
accidents in tunnel excavation (Hang et al. 2017, Le et al.
2019). These accidents may be due to the complexity and
concealment of underground grouting process, involving
many imperfect disciplines such as rock, soil, fluid,
materials, etc., especially for the grouting study of silty-fine
sand with abundant water, which lacks theoretical support
of practical engineering (Bezuijen et al. 2011). This paper
studied the process of grouting in silty-fine sand with
abundant water by PFC3D and revealed the mechanism of
grouting, and believed that grouting pressure played an
important role in the process of grouting. The numerical
results were verified by theoretical calculation analysis, and
the grouting parameters were determined under the various
grouting pressures. After the excavation of this tunnel, the
concretions in silty-fine sand are similar to the results of
PFC3D simulation, which indicates that the grouting
mechanism is confirmed by field observation further and
has important significance for guiding future grouting
practice in similar stratum.
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Fig. 1 Schematic diagram of engineering geological
section

2. Engineering survey

The tunnel of Beijing Metro Line 10 is constructed by
the NATM method, and the tunnel top cover soil is about
17.5 m~ 18.5 m. The stratum of the tunnel is mainly thick
silty-fine sand with abundant water, there are three kinds of
underground water, the top is not associated with the
excavation of NATM tunnel, the two others are the area of
this NATM tunnel (Fig. 1), and the water pressure is about
0.22 MPa obtained by field test. Besides, there are many
buildings and underground pipelines around the tunnel.

In early practice of grouting, we grouted this stratum
based on the mechanism of permeation grouting. After
grouting was completed, the gushing of water and sand
(Fig. 2) occurred in the excavation shaft, so the further
excavation had to be terminated, and the new method had to
be taken into considered.

3. PFC3P simulation
3.1 PFC?P simulation principle

Three-dimensional particle flow (PFC3D) discrete
element program is used for simulations. The model of 4
adjacent particles to form a "area", adjacent to the region
through the "conduit" connection, and its pore size and the
distance between the particles is related to the relative
movement of the liquid in the pipe flow (Kodam et al
2009).

When the pressure in the pipe is high, there is an
outward force on the surrounding area. The ends of the pipe
are fluid regions, and there is a pressure difference between
the adjacent regions. When the fluid solid coupling is
calculated, the fluid in the adjacent area occurs "flow", and
it also acting on the surrounding particles, thus simulating
the function of the grout entering the soil mass. Therefore,
the program simulates fluid motion through fluid region and
pipe, and then carries out fluid-solid coupling calculation.

In the PFC?P program, the flow velocity q is given by
the formula (1) when the grout is passed through the pipe

Fig. 2 Photo of the gushing water and sandfrom shaft
side wall

P-P
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where k is the conduction factor, L is the length of pipe that
is distance between two adjacent regions, a is the diameter
of the pipe, (P>-P1) is the pressure difference between two
adjacent regions.

The following is an empirical formula used for
calculating the diameter of the pipe, which is between a0
and 0. The formula can be expressed as

- 2oh @)
F+F,

In the above, ao indicates the aperture of pipe when the
normal force is zero, 0 indicates the normal force tends to
infinity, Fy is the normal force (when pressure is positive),
F is the normal force when the aperture of pipe is reduced
to a/2.

The increment in grout pressure AP can be obtained by
the following expression (assuming the inflow is positive):

P—Kf(z At
_V q

d
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Where Kgyis grout bulk modulus, Vjq is the apparent
volume of the region, A Vj is the change in the volume of
the area affected by force, Atis a calculate time step.

The inflow or outflow of each area due to the pressure
disturbance A P, can be calculated by formula (4)

3
_ Nka_ Ap, @
I

where | is the average distance between the area and
adjacent areas, N is the number of pipes connected to the
area.

According to formula (5), the pressure response caused
by this flow can be calculated by
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Fig. 3 Sleeve valve pipe grouting process
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Fig. 4 Grains gradation curve

Table 1 Particle analysis and particle composition indicators

Grain size distribution d
(mm) >2 mm 2~0.5 0.25~0.075 0.075~0 dg, =0.196 C, = d_60 =2.450
10
d,, =0.114
d 2
Proportion 2.3% 23.9% 66.9% 6.7% d,=0.080 C,=—3*—=0.829
dyp xdg,
d; =0.087
where p is the pressure within an area, n; is unit normal
K, gAt vector, s is the projected area between one particle and the
Ap, = v, (5) adjacent three particles in an area.
d

In order to insure the convergence of calculation, the
pressure response should be less than the initial pressure
disturbance (Amnieh et al. 2017). From formula (4) and (5),
we can obtain

At < LS (6)

NK ka

In the above calculation, there are three types of fluid
and solid particles. First, the change of the pore is defined
by the contact switch, or the change of the contact force.
Secondly, the mechanical changes of the regional volume
cause the change of the fluid pressure in the region. Thirdly,
the regional pressure has an action on the surrounding
particles. Therefore, the contact force acting on a typical
particle can be expressed as follows

F, = pn;s (7

3.2 Model and calculation parameters

The model is designed based on the principle of sleeve
valve pipe grouting, the grouting process can be seen in Fig.
3. The experimental materials for model are silty-fine sand
from Beijing Metro Line 10. Particle-size analysis indicated
that the sand particle size was in a range of 2.0 mm~0.075
mm with the clay content about 6.7% as shown in Table 1.
and Fig. 4. In addition, the permeability coefficient was
about 2.0x107 cm/s tested in the field.

The number of particles has a certain influence on the
simulation results and calculation efficiency. When the
number of particles reaches hundreds of thousands or even
millions, the calculation speed will decrease significantly.
Therefore, it is necessary to consider controlling the number
of particles produced (Sadek et al. 2011). In the PFC3P
numerical simulation analysis, the model size (Fig. 5) is 5
mx5 mx5 m. The grey and green colors indicate sand soil
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Fig. 5 The model of PFC3D numerical simulation

Table 2 The parameters used for PFC3D numerical

simulation

The fine-sand with abundant water particles

Particle size

0.075 mm~2.0 mm

Friction coefficient 0.2

Porosity 0.30

Density 26 kN/m?
Parallel connection strength 5x10°N/m?
Normal /tangential stiffness 1.8x107 N/m
Poisson's ratio 0.28

Fluid

Density 1x103kN/m?3

Viscous coefficient 1.01x107 Pa.s

Calculation parameters

Gravity acceleration 9.81 m/s?
DEM calculation time step 5.206x107%s
CFD calculate time step 3.5%103s

generated by 9934 particles which are randomly distributed.
The black represents the location of grouting hole. The blue
is an impermeable boundary with enough rigidity to prevent
the sand particles flying out off the model.

The parameters used for PFC3P simulation are obtained
from the field and the laboratory test, which are shown in
Table 2.

3.3 Analysis of calculation results

The calculation model does not consider the contact
strength between sand grains, which is similar to the
properties of sand. There is no cohesion between the grains.
The parallel connection strength between the grains is set
up, that is to say, the cohesion effect is considered. The
form of grout seepage diffusion is analyzed by changing
grouting pressures. Four grouting pressures (i.e., 0.5 MPa,
0.75 MPa, 1.0 MPa and 1.25 MPa) are selected in the
simulation, which aims at analyzing the grout moving and
porosity change in silty-fine sand after grouting.

3.3.1 Grout moving track under different pressures

At the grouting pressure of 0.5 MPa (Fig. 6(a)), the
injected grout is gathered around the grouting hole and
forms some grout bubbles, which produces extrusion force
on the surrounding silty-fine sand, and the radius of

compressive zone is about 0.3 m. The link between the
particles is not broken at this pressure, but the contact stress
concentration increases.

With the increase of grouting pressure up to 0.75 MPa
(Fic. 6(b)), the radius of compressive zone expanded to
0.4m, the contact stress chains tend to be banding.

Fig. 6 shows the moving track of the grout (red color)
under different grouting pressures.

When the pressure reaches 1.0 MPa (Fig. 6(c)), the
fissures occur along the plane which is perpendicular to the
minimum principal stress. The fissures are randomly spread
around the hole with a radius about 0.5 m, that is, the
pressure exceed the initial stress and tensile strength of
silty-fine sand, and this indicates the grouting pressure runs
up to the fracture pressure. After solidification of the grout,
the grouting concretions are formed in the shape of the vein
and star point or block.

When the grouting pressure reaches 1.25 MPa (Fig.
6(d)), the maximum principal stress is horizontal at this
moment. The fissures begin to develop in the vertical
direction around the hole within a radius of 0.7 m.
Similarly, the grouting concretions are formed in the shape
of the vein and star point or block after grout solidification.

3.3.2 Porosity change analysis

The porosity of soil is the ratio of the total volume of
soil, and the porosity is one of the most important indexes
in geotechnical engineering (Cho et al. 2004). The sum of
the porosity and compactness is 1, so the porosity can
reflect the degree of soil compaction.

In order to further analyze change of the silty-fine sand
density in grouting, using the measure circular command of
software PFC3P. By analyzing the changes of the porosity in
the range to analyze density changes. Taking the grouting
pressure 1.0MPa as an example, the measure circle diameter
of 1.0 m, 2.0 m, 3.0 m, 4.0 m and 5.0 m were selected as the
center of the grouting hole, and the change of the com
pactness of soil around the grouting hole was analyzed.
Sand soil porosity varies with the time step was shown in
Fig. 7 where the abscissa represented time step and ordinate
represented porosity changes in the measurement circle. In
this calculation, the 850 step is calculated from 1.215x10*
to 1.300x10% and the porosity of the second half of the
curve tends to be stable, which indicates that the selected
calculation is reasonable. Diagram has 5 curves, serial
numbers from 1 to 5 with different colors, respectively,
corresponding to the diameter of the circle from 5.0 m to
1.0 m.

When the diameter of the measurement circle is about
1.0 m, the porosity tends to be increased, changing from
33.3% to 34.9%, increased by about 5%. The closer to the
center of the grouting hole, the more obvious the porosity is
increased. The phenomenon indicates that the silty-fine
sand in this place has been disturbed, the filling and
splitting occur, and more pores and fissures have been
produced. In other word, the amount of injected grout here
is large, the bubbles and the veins can be formed after grout
solidification.

When the diameter of the measurement circle is about
2.0 m, the increase of porosity is very small, changing from
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Fig. 6 Grout moving track
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Fig. 7 The diagram of the changes of density at 1.0 MPa

33.3% to 33.5%. The area may be the transition zone from
the splitting to compacting, and the branch or star point may
occur.

When the diameter of the measurement circle is from
3.0 m to 5.0 m, some significant changes occur in the trend
of the curve, that is, the significant reduction of the porosity
appears. Within the diameter of 3.0 m, the porosity is
decreased from 33.3% to 27.9%, decreased by about 16.2%);
within the diameter of 4.0m, the porosity is decreased from
33.3% to 23.2%, decreased by about 30.3%; within the
diameter of 5.0 m, the porosity is decreased from 33.3% to
24.2%, decreased by about 27.9%.

From the changes of porosity, it shows clearly that the
main zone of grouting in silty-fine sand is within the radius
of 0.5 m around the hole, the soil has been disturbed
strongly here, and some grouting concretions may be
formed in the shape of the block and vein. Within the radius

of 1.0 m, some grouting concretions like the branch vein or
star point may be formed also. Outside of the radius of 1.0
m, the silty-fine sand is compacted, in other word, the silty-
fine sand has been improved in a degree.

4. Practice in Beijing
4.1 Grouting parameters

The PFC3P simulation study found that fracture grouting
should be adopted to achieve the grouting effect, and a new
grouting scheme using sleeve valve tube was formulated.

1) Grouting pressure

According to PFC3P simulation, the grouting pressure of
fracture grouting is very important. When the grouting
pressure is less than initiation fracture pressure, the grouting
fluid will converge near the grouting hole to form a
grouting bubble. When the grouting pressure exceeds
fracture initiation pressure, the grouting bubble will break
and the grouting fluid will flow in a fracture mode.

The fracture initiation pressure in sandy soil can be
calculated according to Coulomb-Mohr failure criterion of
effective stress, as shown in Eq. (8)

%-sinq):%—c'cos(p (8)

Where o1 is the major principal stress and o3 is the minor
principal stress. The buried depth of the project is about 18
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m, so the maximum principal stress is equivalent to 0.324
MPa. Where C is the cohesion, approximate to 0, and the
frictional angle ¢ is taken as 25 degrees.

According to formula (8), the minimum principal stress

is 0.132 MPa and the principal stress ratio (c1/0) is 2.46.
The initiation fracture pressure P, can be obtained by:

pu:(ﬂ]_ywhw).(1+K)_w

- +2C -cosg 9)
sing

where y x are the unit weight of sand and water
respectively, which are about 18 kN/m? and 10 kN/m?, and
the depth of grouting hole h is 18 m, the depth of
groundwater hy is about 18 m. K is principal stress ratio
which is 2.46.

According to formula (9), Py can be calculated as 0.76
MPa. The pore water pressure of 0.22 MPa is not taken into
considered in this result. In actual, Py is the sum total of
them as mentioned above, which is about 0.98 MPa. The
result agrees with that of PFC3P simulation, therefore the
initiation fracture pressure is proposed to be 1 MPa.

2) The design of grouting holes

In order to get a better effect of water stop and
reinforcement during grouting, the whole section of this
tunnel was designed for the grouting holes. The grouting
reinforcement area was 3 m~5 m beyond the excavation
contour line of tunnel, and the grouting holes were
presented as a pattern in umbrella-type along the tunnel.

The spacing of grouting holes was about 0.5 m (Fig. 8),
and the length of each grouting cycle was 12 m along the
tunnel, the blind area of grouting was able to be eliminated
by using both long and short grouting pipes.

3)The grouting speed and the final grouting pressure

If the injected grout was less than 2L/min or one hole
nearby gushes grout, the grouting should be stopped. The
pressure of ending the grouting is so called the final
grouting pressure, which is often larger than 1.0MPa.

4.2 Grouting process

Taking grouting hole 1 as an example, the measured
curve of grouting pressure-amount-time is shown in Fig. 9.
In the process of grouting, the grouting amount gradually
reduces from 8L/min to 1L/min, and the grouting pressure
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Fig. 9 Grouting pressure-grouting velocity-grouting time
curve of hole 1

gradually increases from 1.0 MPa to 1.5 MPa, so the final
grouting pressure is about 1.5 MPa.

After the consolidation of grout, some tests were
performed. One was packer test for permeability by water
injection in the field, and the permeability coefficient of the
silty-fine sand was between 3x10°cm/s-4.3x10%cm/s.
Another was core drilling for laboratory test, the samples
were cylinder with the diameter of 10cm, and the total of
the samples were 6 which were obtained from the whole
section of the tunnel. The samples were intact and had
many concretions of grout, the average of unconfined
compressive strength was about 0.54 MPa. The results were
satisfied with the design value of grouting, that is, the

permeability coefficient was less than 1x10%cm/s and the

unconfined compressive strength was larger than 0.5 MPa.

In order to verify the results as mentioned above, every
detail of soil reinforcement and leakage water after the
excavation of this tunnel were monitored. The observations
indicated that there were little leakage water and the silty-
fine sand was compact at the place of the tunnel face and
vault. The concretions of grout are shown in Fig. 10. Fig.
10(a) is the grout bubble, Fig. 10(b) is the grout vein, Fig.
10(c) is the grout vein and star point. The concretions of
grout observed from field are almost identical with the
results of PFC?P simulation.

5. Discussions

From the simulation of PFC3P and practice in Beijing,
the grouting in the silty-fine sand with with abundant water
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is a process of splitting and the grouting pressure is very
important. Fig.11 shows the relationship between grouting
pressure Py and its affecting radius /o. When the grouting
pressure is less than 1.0 MPa, the permeation and
compaction grouting occur, but this permeation is that the
slurry enters into the pore or crack of the silty-fine sand
disturbed by borehole, which gathers around this hole in a
shape of grout bubble, and the affected area is less than 0.5
m. If the grouting pressure is greater than 1.0 MPa, the
fracture of soil occurs, and this pressure is the initiation
fracture pressure which is larger than the fracture strength
of soil. If the grouting pressure is greater than 1.25 MPa, the
grout splits the silty-fine sand at a higher pressure like an
axe, and forms grouting concretions in the shape of block
and vein or star point around the grouting hole. After
grouting, similar to clay grouting, the silty-fine sand forms
a composite soil composed of compacted sand and grout of
various shapes, i.e., the grout is not mixed with the sand
particles thoroughly, but exists respectively. Thus, the
grouting of the silty-fine sand with abundant water can be
regarded as fracture grouting. The numerical simulation of
grouting mechanism and practice fully verifies this point.
As mentioned above, the grouting effect is satisfied only
after the grouting pressure reaches initiation fracture
pressure. In this case, the final grouting pressure is 1.5MPa
which is greater than 1.25 MPa. But, if the grouting
pressure is too large, it may affect the safety of buildings
and underground pipelines around the tunnel. Therefore, the
factors such as the grouting amount, the safety of
environment around the tunnel, should be taken into
considered for the determination of the grouting pressure.

6. Conclusions

According to the study of this paper, the following
conclusions are drawn:

1) The grouting of the silty-fine sand with abundant
water is a process of splitting. The lack of pressure during
grouting is difficult to meet the requirements of excavation.
If the pressure during grouting is bigger enough, the soil is
split and compacted, and then the soil can be improved
significantly.

2) Fracture pressure is a governing parameter for
splitting. PFC?P simulation and theoretical calculation
showed that fracture pressure of the silty-fine sand with
abundant water can be set as 1 MPa, which has been
verified by practice.

3) The heavily affected area of grouting is about 0.5 m,
and the suitable space between the grouting hole can be set
as 0.5 m. The grouting effect of the silt fine sand strata is
the best within a diameter of 1 m. The soil is compacted
beyond Im in a certain.

4) Simulation of PFC3P and field observation after
excavation show that the concretions of grout are in a shape
of block and vein or star point, and the concretions of grout
form a composite soil with the silty-fine sand. The
composite soil has higher strength and better water stop,
which can guarantee the tunnel to be excavated safely.

The grouting technique mentioned above has been used
in the excavation of subsequent tunnels. The monitoring of
surroundings nearby this tunnel indicates that the settlement
of building is only 3.3 mm. Therefore, it can be concluded
that this grouting technique can not only make the tunnel to
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be excavated successfully, but also keep the surroundings in
safety.
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