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Numerical study on one dimensional
cement-based fracture grouting in
weathered granite based on FEM
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Abstract. A numerical model of one dimensional fracture grouting in sediment is proposed
based on Finite Element Method and solid-fluid coupling theory. The injected grout and the
sediment are treated as a continuum as a whole, in which the stresses and strains are averaged
over a certain representative volume. Fracture propagation process was successfully simulated and
variation of fracture length and width at different times was acquired. Results show that: For a
constant injection rate condition, the length of the fracture increases with time in an almost linear
trend. The width of the fracture is comparatively large around the inlet and reduces along the
advancing direction. The maximum deformation occurs near the inlet on both the upper and lower
side of the fracture. The grouting pressure increases linearly with time at first and then decreases
slowly until it reaches a constant value. As the elastic modules of the sediment increases, the
initiation pressure becomes larger, And the gap between the fracture initiation pressure and the
propagating pressure also increases, which means it is harder for the sediment to be fractured.

Key words. Fracture grouting, fluid-solid coupling, dinite element method, numerical simu-
lation.

1. Introduction

Fracture grouting has been used as an effective method for ground improvement
during construction of geotechnical project, which effectively improves the mechani-
cal property of the sediment and provide sufficient strength for excavation 3!, For
sediments with a lower strength than intact rock, such as weathered granite, the
fracturing behavior is greatly influenced by the permeability. With the permeability
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increasing, the flow patterns of the grout changes through three phases: fracture
grouting, fracture-permeation grouting and permeation grouting. During the grout-
ing process, grout materials are injected into the ground. The sediment is fractured
due to grouting pressure. Then, the grout spreads to further distance as the frac-
ture propagates. The pressure at which fracture occurs is called initiation pressure,
which depends on the properties of the sediment, such as the Poisson’s ratio of the
sediment, the initial circumferential tress, and the degree of saturation and consol-
idation. As the grout advances, pressure loss increases due to viscous force of the
grout and the resistance on the interface between grout and the sediment. Thus, the
injection pressure should be increased in order to keep grout advancing. The grout
process ceases when the grout reaches the boundary of target reinforcement area or
the injection pressure reaches its upper limit value.

In recent years, a series of empirical and theoretical models has been proposed
for estimating the initiation pressure, pressure loss, and the length and thickness of
the fracture [4~8. However, due to the complicated interaction mechanism between
grout suspension and sediment, the validation and the application conditions of these
models still need to investigate. Moreover, the process of fracture propagation can
hardly be observed directly, and the information of the fracture shape and pressure
variation is acquired usually by indirect measurements. With the development of
computing technology, it is convenient to study complicated scientific problems using
numerical methods. Thus, a number of numerical simulations have been carried out
for better understanding the grout fracturing mechanism, such as the crack initiation
and grout vein propagation process [°~14. The numerical methods provide a direct
understanding of the grout advancing process.

In this study, a numerical model of one dimensional fracture grouting in sediment
is proposed based on Finite Element Method and solid-fluid coupling theory. The
injected grout and the sediment are treated as a continuum as a whole, in which the
stresses and strains are averaged over a certain representative volume. The fractured
area of the sediment, which is occupied by the injected grout, is characterized by
changing the physical and mechanical properties. Fracture propagation process was
successfully simulated and variation of fracture length and width at different times
was acquired.

2. NUMERICAL MODEL OF FRACTURE GROUTING
2.1. Fundamental mechanism of fracture grouting

Generally, solid material is fractured when the tensile stress at the fracture tip
exceeds the tensile strength. The stress distribution during fracture grouting pro-
cess is shown in Fig. 1. The original stress field is represented by the black arrows,
composed of minimum principal stress in vertical direction and maximum princi-
pal stress in horizontal direction. Before grouting, the sediment is in a compres-
sive state. Then, as the grout is injected, the sediment is fractured and the stress
field is changed. At the interface between grout and the sediment, the sediment is
compressed by the grout pressure and the fracture width keeps increasing. At the
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fracture tip, the sediment is in a tensile condition. The fracture propagates when the
grout pressure is sufficient to break the bonding force of the sediment. From frac-
ture tip to infinity along horizontal direction, the stress state changes from tensile
to compressive and level off to the minimum principal stress.

Fig. 1. Stress distribution in the sediment during fracture grouting process

The physical and mechanical property of sediment is significantly influenced
by the influence of surrounding condition, such as crustal stress and groundwater.
The permeability and mechanical characteristics can change greatly during fracture
grouting process. In this model, the failure of sediment caused by grout fracturing
is regarded as a total loss of integrity or formation of yield area with strain softening
response.

The grout advancing process and the flowing of the pore water in sediment is
described by Darcy’s law. The flow is driven by gradients in the hydraulic potential
field of the grout suspension. According to Darcy’s law, the net flux across a face of
porous surface is expressed as:

Where u is the velocity of grout, is the density of grout, p is grout pressure, K
is permeability of the medium, is grout viscosity, g is gravitational acceleration, and
D is vertical coordinate.

The continuity equation for the grout is expressed as:

Where is the porosity, and is a mass source term. Porosity is defined as the
fraction of the control volume that is occupied by pores.

The relationship between the storage coefficient and porosity is expressed as:

Inserting Eq. 1 and Eq. 3 into Eq. 2 produces the generalized governing equation:

3. Fracturing process

According to Touhidi-Baghini, permeability can be expressed as a function of the
initial state of permeability, porosity and volumetric strain:

Here, K and are initial permeability and porosity, is the volumetric strain. B is
an empirical coefficient, and is set as 2 in the following calculation.
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4. Sediment deformation

The stress-strain relationship of the medium with the influence of fluid pressure
is expressed as:

Here, is the Cauchy stress tensor, is the strain tensor, is the Biot-Willis coefficient,
C' is the elasticity matrix.

5. Numerical model set up

A numerical model for fracture grouting has been established based on the finite
element method. The dimension of the calculation domain is set as a rectangular
with a height of Im and a width of 1.5m. A normal load of 0.4MPa and is applied
on the upper and lower side of the domain, and a normal load of 0.6MPa is applied
on the right side, which represents crustal stress environment. The grout is injected
in the middle of the left side with a length of 0.04m. An inflow velocity of 0.1m/s
is applied directly at the inlet, which represents a constant flow rate condition. The
water pressure on the left and right side is also 0.2MPa.

Fig. 2. Numerical model and boundary conditions

The calculation parameters which are used in the numerical model are listed in
table 1.

Table 1. Calculation parameters in the numerical model

Initial permeability | Ko m? 6e-12 Grout viscosity | p Pa-s 1.5
Initial porosity bo - 0.46 Biot coefficient ap - 1
Elastic modulus E MPa 37 Grout density p kg/m3 1500
Poisson’s ratio v - 0.25 Inlet velocity V0 m/s 0.1
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6. calculation Results

Fig. 3. Variation of the fracture shape according to different grouting time

Fig. 3 shows the variation of the fracture shape at different times. As can
be seen, as grouting time increases, the length and the width of the fracture keep
growing. The length of the fracture increases with time in an almost linear trend.
The width of the fracture is comparatively large around the inlet and reduces along
the advancing direction. During grouting process, the displacement field changes
significantly. The sediment deforms mainly along the vertical direction. As the
grout width increase, the sediment expands towards upper and lower side. The
deformation is large around the inlet and becomes smaller in further place. Moreover,
the influenced area of deformation is larger than the grout fractures. At grouting
time of 200s, the fracture length reached 0.6m, while the influenced area reached
0.8m.

Fig. 4 shows the vertical deformation of the sediment at different grouting times.
Since identical conditions are set on the upper and the lower sides of the domain,
the deformation of the sediments is symmetrical along the horizontal center line
of the domain. As can be seen, as grouting time increases, the deformation of the
sediment keeps growing. The deformation field is greatly changed after the sediment
is fractured while it remains unchanged ahead of the fracture tip. The maximum
deformation occurs near the inlet on both the upper and lower side of the fracture.
At grouting time of 40s, the maximum deformation is about 0.03m while it exceeds
0.054m at grouting time of 160s.

Fig. 5 shows the variation of grouting pressure according to grouting time with
different elastic modules of sediment. As can be seen, the variation of the grouting
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Fig. 4. Vertical deformation of the sediment according to different grouting times
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Fig. 5. Variation of grouting pressure with different elastic modules of sediment

pressure is divided into two phases. The grouting pressure increases linearly with
time at first and then decreases slowly until it reaches a constant value. The maxi-
mum grouting pressure occurs at the turning point of the two phases with grouting
time of about 20s, which represents the fracture initiation pressure. During the first
phase, the grout is injected due to compression of the sediment. As the injected
volume of the grout grow, the stress at the interface between the sediment and the
grout increase. When the stress reaches the fracture initiation pressure, the sediment
is fractured. Afterwards the fracture keeps propagating as the subsequent grout is
injected.

The fracture initiation pressure is mainly influenced by the elastic modules of the
sediment. As the elastic modules of the sediment increases, the initiation pressure
becomes larger, which means it is harder for the sediment to be fractured. The pres-
sure for fracture propagating also increases. For the sediment with elastic modules of
40MPa, the fracture initiation pressure is about 0.7Mpa and the fracture propagat-
ing pressure is about 0.5MPa. For the sediment with elastic modules of 90MPa, the
fracture initiation pressure is almost 1.8Mpa and the fracture propagating pressure
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is more than 1.1MPa. It is also shown that the gap between the fracture initia-
tion pressure and the propagating pressure also increases. As the elastic modules
increases from 40MPa to 90MPa, the gap between the fracture initiation pressure
and the propagating pressure increases from 0.2MPa to 0.7MPa.

7. Conclusions

In this study, a numerical model of one dimensional fracture grouting in sediment
is proposed based on Finite Element Method and solid-fluid coupling theory. Frac-
ture propagation process was successfully simulated and variation of fracture length
and width at different times was acquired. The main conclusions are as follows:

For a constant injection rate condition, the length of the fracture increases with
time in an almost linear trend. The width of the fracture is comparatively large
around the inlet and reduces along the advancing direction. The sediment deforms
mainly along the vertical direction. The deformation is large around the inlet and
becomes smaller in further place and the influenced area of deformation is larger
than the grout fractures.

The deformation field is greatly changed after the sediment is fractured while
it remains unchanged ahead of the fracture tip. The maximum deformation occurs
near the inlet on both the upper and lower side of the fracture. At grouting time of
40s, the maximum deformation is about 0.03m while it exceeds 0.054m at grouting
time of 160s.

The variation of the grouting pressure is divided into two phases. The grouting
pressure increases linearly with time at first and then decreases slowly until it reaches
a constant value. As the elastic modules of the sediment increases, the initiation
pressure becomes larger, And the gap between the fracture initiation pressure and
the propagating pressure also increases, which means it is harder for the sediment
to be fractured.
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