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Abstract. In this study, a theoretical model of one dimensional fracture grouting in soil is proposed based on
ﬂuid mechanics and force analysis during grout fracturing process. Solutions for grout pressure, and the length
and width of the fracture are obtained, and the inﬂuence of the yield strength on the fracturing behavior is
analyzed. Results show that, the grouting distance decreases and the fracture height increases as the yield
strength of grout increases. A laboratory test was carried out in this study to validate the proposed theoretical
model. The dimension of the solidiﬁed grout was measured after excavation. For higher yield strength, the grout
front has a blunt shape, which means the pushing effect plays a more important role than the fracturing effect
and the fracturing process was controlled by different mechanisms for different yield strength during the
experiment. Comparison between the theoretical and the experimental results shows that the proposed model can
effectively describe the fracture grouting process.
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1. Introduction
Grouting has been used as an effective method of problematic geology treatment for construction of underground
project [1–4]. During the grouting process, grout materials
are injected into the stratum to ﬁll the voids and provide
cohesive force for the geological masses. Thus, the
mechanical property of the stratum is improved, which
provide sufﬁcient strength for excavation.
In a grouting work, the diffusion mode can be divided
into three types: permeation grouting, fracture grouting, and
a combination of these two types, which is determined by
both the type of grout and the composition of the medium.
For chemical solution with Newton ﬂuid behavior, the
diffusion mode is always permeation, as the solute can
easily penetrate through the pore voids along with water.
However, in most cases cement-based grout is preferred,
since it has a higher mechanical strength after solidiﬁcation
and a lower cost. Cement-based grout is a typical suspension and is regarded as Bingham ﬂuid. It contains a large
amount of cement particles and has much higher viscosity
than water. Thus, it is much more difﬁcult for grout suspension to penetrate through pore voids of the stratum. The
diffusion mode is mainly determined by the relative magnitude of the pore voids compared with the particle size in
the suspension. With pore voids decreasing, the diffusion
*For correspondence

mode gradually transforms from permeating to fracturing.
For clay medium, pore voids are even smaller than the
cement particles. The grout suspension can only fracture
the soil but hardly penetrate into the pore voids. Therefore,
for stratum with low permeability, fracture grouting is the
most common ﬂow pattern.
Fracture grouting in soil includes two processes. Firstly,
the soil is fractured due to grouting pressure. Then, the grout
spreads to further distance as the fracture propagates. The
pressure at which fracture occurs is called initiation pressure.
The initiation pressure depends on various parameters, such
as the initial circumferential stress, the Poisson’s ratio of the
soil skeleton, and the degree of saturation and consolidation.
The hydraulic fracturing mechanism has been extensively
studied by ﬁeld excavation and laboratory tests [5–9]. Lo and
Kaniaru [10] concluded that the pressure increases with the
decrease of water content and the increase of consolidation.
Other studies also showed the inﬂuence of the saturate state
on the fracturing behavior by comparing difference of
hydraulic fractures in both partially saturated and fully saturated clays [11–13]. However, the process of fracture
propagation can hardly be observed directly, and the information about the fracture shape and pressure variation is
acquired usually by indirect measurements.
In recent years, a series of empirical and theoretical
models has been proposed for estimating the initiation
pressure, and the length and thickness of the fracture
[14–17]. However, the validation and the application
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conditions of these models still need to investigate. In this
study, a theoretical model of one dimensional fracture
grouting in soil is proposed based on ﬂuid mechanics and
force analysis during grout fracturing process. The fracture
shape is determined based on the boundary conditions.
Solutions for grout pressure, and the length and width of the
fracture are obtained, and the inﬂuence of the yield strength
on the fracturing behavior is analyzed. A laboratory test
was carried out in this study to validate the proposed theoretical model. Soil was ﬁlled into a container which is 1 m
long. Then, grout suspension was injected into the container
to fracture the soil. The dimension of the solidiﬁed grout
was measured after excavation. Comparison between the
theoretical and the experimental results shows that the
proposed model can effectively describe the fracture
grouting process.

2. A theoretical model of fracture grouting
2.1 Fracture shape
The fracture shape depends on the boundary conditions
during grouting process. Generally, the fracture shape can
be divided into three types: plate, radial plate and tube.
With the information of the fracture shape, the variation of
fracture length and thickness with different grouting volume can be calculated (ﬁgure 1).
For the shape of a plate, the equilibrium equation is
written as:
Dp  w  h ¼ 2ns  w  l

ð1Þ

where l, w and h are the length, width and height of the
fracture, respectively. TheDp is the injection pressure
reduced by the minimum pressure for fracturing, s is the
shear stress of the grout, and n is a correction factor which
accounts for the tortuosity of the fracture. By simplifying
Eq. (1), the ratio between the length and the height of the
fracture can be written as:

l
Dp
¼
h 2ns

ð2Þ

The total injection volume V is expressed as:
V ¼hwl

ð3Þ

Substituting Eq. (3) into Eq. (2) yields the solution of
length and height as a function of grouting volume:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dp V
2ns V
 ; h¼

ð4Þ
l¼
2ns w
Dp w

2.2 Grouting pressure and velocity
Cement grout is usually considered as a Bingham ﬂuid,
whose rheological behavior is either like a rigid solid or a
viscous ﬂuid. The constitutive relationship is expressed as
Eq. (5), where s0 is the yield strength, l is the grout viscosity and c_ is the shearing rate.
s ¼ s0 þ lc_
ð5Þ
From the Bingham model it follows that the grout does
not move unless the shear stress exceed the yield strength.
During grout advancing process, the grout in the fracture is
divided into three layers: an upper and a lower boundary
layers and a stiff core with a thickness of d, which is
expressed as
 1
dp
h
ð6Þ
d ¼ s  ; d\
dx
2
The velocity distribution along y axis is expressed as:
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Figure 1. Theoretical model of fracture grouting and the ﬂowing pattern in the container of the experiment.

ð7Þ
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3. Experiment setup

The average value of velocity is expressed as:
v ¼

1
h

Z

h=2

vdy
h=2

ð8Þ

For a constant injection rate condition, the relationship
between injection rate and the velocity is expressed as:
v ¼

q
hw
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ð9Þ

Substituting Eq. (7) and Eq. (9) into Eq. (8) yields:


q
dp h2
d
d3
¼

13 þ4 3
ð10Þ
hw dx 12l
h
h
During the fracturing process, the injection pressure
is usually very high, thus the stiff core is much small
than the height of the fracture. The three-cubed term of
the ratio parenthesis can be neglected. Then, the
expression of p along x axis can be easily obtained by
integration:


12lq
þ 3s x þ C x  l
ð11Þ
p¼
h3 w
where C is an integration constant. According to the fracturing condition, C equals the fracture initiation pressure.
Equation (10) is modiﬁed as:


12lq
þ
3s
x þ r3 x  l
ð12Þ
p¼
h3 w
Equations (3), (4) and (11) give the solution for grouting
pressure, grout length and height during fracture grouting
process.

In order to validate the proposed theoretical model, a laboratory experiment was conducted to investigate the fracturing behavior of grout suspension and the shape of grout
vein after solidiﬁcation. The procedures of the grout fracturing experiments included the following steps: preparation of the soil specimen, grout injection, waiting while the
grout solidiﬁes, and the excavation of the soil. A schematic
view of the general procedures of the experiment is shown
in ﬁgure 2. It should be noticed that in a real grouting work
the geological condition would be much more complex, and
the ﬂow pattern of grout suspension could vary a lot
depending on the real conditions. However, a real engineering background is not considered in the experiment.
Flow of grout suspension was restricted to one-dimension,
which is in accordance with the assumptions adopted in the
theoretical model. The inﬂuence of gravity is also neglected, since it is insigniﬁcant compared with the injection
pressure. Therefore, the container for grout injection was
set up horizontally for convenience of operation.
The soil was obtained locally in the ﬁeld of quaternary
formation. It contains about 50% silt, 20% clay, and 30%
other minerals. The grain size distribution curve is shown in
ﬁgure 3. The distribution curve covers a wide range, which
indicates that the soil medium has a good gradation. The
coefﬁcient of curvature and coefﬁcient of non-uniformity
were also calculated. The values are 123.5 and 16.7,
respectively. Speciﬁc gravity, void ratio, and other physical
properties were measured according to the standard of
American Society for Testing and Materials (ASTM).
These parameters are listed in table 1.
Firstly, soil was oven-dried at 120°C for one day before
being used. Then the soil was ﬁlled into a rectangular
container, with a dimension of 1 m long, 0.2 m wide and

Figure 2. General procedures for the experiment of hydraulic fracturing with grout suspension.
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Table 2. Parameters of the grout fracturing experiment.
Name

Percent finer by Weight %

80

Unit

Viscosity
Yield strength
Grouting time
Pumping rate

60

Symbol
l
s
t
q

Pa.s
Pa
s
ml/s

Value
0.1
1*5
60
10

40
20
0
1000

100

10
diameter/um

1

0.1

Figure 3. Grain size distribution of the soil medium.

0.05 m high. The ﬁlling amount of the soil was controlled
by the target degree of density and compactness. However,
the degree of compaction should not be too high, in case
there was no space for grout suspension to be injected. An
injection inlet was mounted at one end of the container
which was used for grout injection. At the other end of the
container, there was an outﬂow hole. Water and grout
suspension could ﬂow out of the hole but the soil was
restricted in the container. The inlet and outlet were temporarily sealed during the soil ﬁlling process in case the soil
entered the tubing and clog it.
After preparation, the experimental setup was assembled
and conﬁning pressure was applied on the lateral sides of
the container. Then, grout was injected by a pump with a

constant ﬂow rate. The water–cement ratio was altered in
order to see the inﬂuence on the hydraulic fracturing
behavior. During injection, the grout suspension was being
stirred constantly in case of sediment (ﬁgure 4).
After injection, the container was kept with the ﬁnal
pressure for 6 h before it was disassembled. This allowed
the grout suspension to solidify inside the specimen while
maintaining the shape of the space which the grout suspension occupied. Afterwards, soil was excavated out of the
container to examine the shape of the grout rigid body. The
length and width of the grout was measured according to
different grouting condition. During injection, the pumping
rate was controlled at 10 ml per second. The injection
process ceased after grouting for 60 s, or grout suspension
reached the outlet of the container. The experimental
parameters mainly used in this study are shown in table 2.

4. Results and analysis
The ﬁnal grout distance and height were measured after
excavation of soil. Figure 5 shows comparison of theoretical value and experimental value of grout distance and
height according to different yield strength of grout, after

Table 1. Physical properties of the soil.
Name
Unit
Maximum value
Minimum value

Dry density
g/cm3

Void ratio
–

Porosity
–

Speciﬁc gravity
–

Repose angle
deg

1.35
1.06

1.25
0.70

0.54
0.41

2.3

43

Figure 4. Experiment procedure and excavation results of the grout fracture.
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Figure 5. Variation of grout distance and grout height with different yield strength.

grouting for 60 s. It should be noticed that the grout height
and width is not constant along the grout advancing
direction, and these experimental values are acquired by
averaging measurements at different distance from the
injection hole. The experimental value of grouting distance
with yield strength of 1 Pa is absent because the grout
reached the outlet but the grouting time was less than 60 s,
and the injection ceased. From the red line, which represents the theoretical value, it can be seen that the ﬁnal
grouting distance decreases as the yield strength of grout
increases. Moreover, the decreasing rate is nonlinear. The
decreasing rate is very high at ﬁrst and then becomes relatively low. This is because as the yield strength increases,
the grout becomes thicker, and moves more like a rigid
body. The fracturing ability reduces during the injection
process. Instead, grout can only push the soil forward, and
bears more resistance, which prevent grout from reaching
further distance. The relationship between grouting distance and the yield strength according to the experimental
result shows a similar trend with that from theoretical

results, except the nonlinearity is not very obvious. In
general, the theoretical and experiment values are very
close, which means that the theoretical model proposed in
this study is reasonable.
Figure 5b shows the relationship between the height of
the grout fracture and the yield strength. As can be seen, the
fracture height increases with the increase of the yield
strength. The increasing rate is comparatively low at ﬁrst
and then becomes higher. The increasing rate of the
experimental result is lower compared with that of theoretical result. This is because that the proposed theoretical
model in this study has neglected the inﬂuence of pressureinduced ﬁltration effect, which lowers the ﬂuidity of grout
and leads to difﬁculty for grout injection. From the experimental value, it can be seen that the fracture height varies
in a range between 0.007 m and 0.015 m, while the yield
strength is less than 4 Pa. The variation is very small, which
means the fracturing behavior was similar during the
injection process. However, for the yield strength of 5 Pa,
the fracture height rises to 0.03 m, which is obviously

Figure 6. Solidiﬁed grout after excavation.
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Figure 7. Variation of grout pressure with different times and yield strength.

higher than the other results. A possible explanation is that
the fracturing process was controlled by a different mechanism. Figure 5a shows that the grout distance was only
about 0.2 m for this case. The excavation of the solidiﬁed
grout is shown in ﬁgure 6. As can be seen, the grout front
has a blunt shape. In this case, the pushing effect plays a
more important role than the fracturing effect. The pushing
behavior needs to overcome a larger resistance than fracturing, since the soil becomes more and more compacted as
the grout moves forward. Thus, it can be concluded that the
yield strength of the grout suspension should not be too
height so that it can fracture soil effectively.
Figure 7 shows the variation of grouting pressure at
different times and different yield strength of grout

according to the theoretical results. As can be seen from
ﬁgure 7a the grouting pressure increases linearly as time
increases. The increasing rate of grouting pressure is the
lowest when the yield strength is 1 Pa and is the highest
when the yield strength is 5 Pa. This is because that when
the yield strength is low, the grout suspension is easy to
move and the pressure loss is small. As the yield strength
increases, the grout suspension losses its ﬂuidity and is
harder to move. Figure 7b shows the relationship between
grouting pressure and yield strength at certain times. It can
be seen that the grouting pressure increases nonlinearly
with yield strength. The increasing rate is slow at ﬁrst and
then becomes higher. Moreover, the nonlinearity is more
obvious as the time increases. This is because as time

Figure 8. Variation of grouting distance with different times and yield strength.

Sådhanå (2020)45:117
increases, the grouting length becomes longer and the
contact area between the grout and the soil is larger, leading
to a higher resistance from soil. At grouting time of 60 s,
the difference of grouting pressure becomes very large. For
yield strength of 1 Pa, the grouting pressure at 60 s is no
more than 1 kPa, while for yield strength of 5 Pa, the
grouting pressure reaches 12 kPa. For an engineering project, the grouting pressure should not be too high in case of
engineering accident. Thus, the grout property should be
carefully chosen in order to achieve an effective grouting
result.
Figure 8 shows the variation of grouting distance with
different times and yield strength. As can be seen from
ﬁgure 8a, the grouting distance increases linearly with time.
When the yield strength is small, the increasing rate is high.
On the opposite, when the yield strength is large, the
increasing rate is high. Figure 8b shows the relationship
between the grout distance and yield strength at different
times. As can be seen, the grouting distance decreases
nonlinearly with the yield strength. The decreasing rate is
high at ﬁrst and then becomes lower. It should be noticed
that the calculation results with yield strength of 1 Pa
exceeded the range of the experimental results, and the
reliability is not convinced. The extreme grouting distance
was restricted at 1 m during the experiment but the calculated grouting distance with yield strength of 1 Pa reaches
2.5 m at 60 s. For grouting distance less than 1 m, the
calculation and experimental results are similar. This means
that the proposed theoretical model in this study has a range
of application. Calculation for a longer grouting distance
needs further study.
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The fracture height was positively correlated to the yield
strength of grout suspension, with a steady growth at ﬁrst
followed by a surge when the yield strength was in a higher
range. This trend is in accordance with the variation of the
fracture length. However, the value of fracture height
measured in the experiment was lower compared with the
theoretical result. The difference might be induced by the
ﬁltration effect, which is not considered in the proposed
theoretical model. During the fracturing process, some of
the water was pressed out of the grout and into the soil
during injection, which caused mass loss of grout. However, the leakage of water was eliminated since a thin
impermeable ﬁlter cake composed of cement particles
gradually formed on the fracture surface, which stopped the
following water from being pressed out of the grout and
ﬂowing into soil medium.
The difference of the shapes of fracture front observed
from the experiment indicates that there were different
mechanisms dominating the fracturing process. For higher
yield strength, the grout front had a blunt shape, which
means the pushing effect played a more important role than
the fracturing effect. According to the experiment result,
fracture height varied in a range between 0.007 m and
0.015 m while the yield strength was less than 4 Pa. For a
yield strength of 5 Pa, fracture height rose to 0.03 m. This
could signiﬁcantly affect the stress state and failure mode
of the surrounding soil at the fracture tip. Therefore, in a
practical grouting work, the yield strength of the grout
suspension should not be too height so that it can fracture
soil effectively.
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