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ABSTRACT Facial support in slurry shield tunneling is provided by slurry pressure to balance the external earth and
water pressure. Hydraulic fracturing may occur and cause a significant decrease in the support pressure if the slurry
pressure exceeds the threshold of the soil or rock material, resulting in a serious face collapse accident. Preventing the
occurrence of hydraulic fracturing in a slurry shield requires investigating the effects of related influencing factors on the
hydraulic fracturing pressure and fracture pattern. In this study, a hydraulic fracturing apparatus was developed to test the
slurry-induced fracturing of cohesive soil. The effects of different sample parameters and loading conditions, including
types of holes, unconfined compressive strength, slurry viscosity, and axial and circumferential loads, on the fracturing
pressure and fracture dip were examined. The results indicate that the fracture dip is mainly affected by the deviator stress.
The fracturing pressure increases linearly with the increase in the circumferential pressure, but it is almost independent of
the axial pressure. The unconfined compressive strength of soil can reflect its ability to resist fracturing failure. The
fracturing pressure increases with an increase in the unconfined compressive strength as well as the slurry viscosity. Based

on the test results, an empirical approach was proposed to estimate the fracturing pressure of the soil.
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1 Introduction

Slurry shield tunnel boring machines are widely used for
tunneling in soft ground with shallow soil cover and under
seas or rivers. The face support of the slurry shield tunnel
boring machine is provided by slurry counterpressure,
namely, a suspension of bentonite or a clay and water
mixture (slurry). When tunneling using a slurry shield
tunnel boring machine, the tunnel face stability is
significantly influenced by filter cake formation during
slurry injection into the chamber [1]. To form the filter cake
and maintain face stability, the slurry pressure is usually
greater than the external soil and water pressure, as
illustrated in Fig. 1(a). However, hydraulic fracturing may
occur and cause a significant decrease in the support
pressure if the slurry pressure exceeds the threshold of the
soil or rock material, resulting in a serious face collapse
accident [2—4]. A schematic of the hydraulic fracturing
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caused by excess slurry pressure is shown in Fig. 1(b).
Therefore, it is necessary to study slurry-induced fracturing
during shield tunneling.

During the past decades, hydraulic fracturing has been
widely used in oil and gas exploitation and has attracted
extensive attention worldwide [5—7]. Lockner and Byerlee
[8] pointed out that the failure mode of hydraulic fracturing
is related to the high confining pressure and differential
stresses. The hydraulic fracturing pressure is influenced by
the pressurizing rate and viscosity of the liquid in the
borehole [9—-11]. Hydraulic fracturing in soil is also used in
chemical grouting [12—15]. Bjerrum et al. [16] studied the
behavior of hydraulic fracturing in soil and proposed
applying hydraulic fracturing in estimating soil perme-
ability. In the case of backfill grouting and anchor injection
in the construction of tunnels, fracturing by excess
injection pressure has also been observed [17]. Addition-
ally, unexpected hydraulic fracturing may cause serious
accidents, such as collapse in dam engineering [18,19].
Vaughan [20] and Jaworski et al. [21] performed fracture
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Fig. 1 Drawings showing hydraulic fracturing in shield tunneling. (a) Stress state of excavation face; (b) shape of the initial fracture.

tests on compacted soils to investigate the failure of Teton
Dam and found that the hydrofracturing pressure was
related to the horizontal stress and apparent tensile
strength. Mori and Tamura [22] and Mori et al. [23]
investigated the relationship between the hydraulic
fracturing pressure and soil strength and found that the
fracturing pressure was related to the minimum principal
stress and the unconfined compressive strength of soil.
Furthermore, with the rapid increase in computing power,
numerical tools have become an attractive option for
investigating the fracturing process in the past few years.
Zhuang et al. [24] and Zhou et al. [25-27] introduced a
phase-field modeling approach for fracture propagation in
poroelastic media. The phase-field method for dynamic
cracks in a single-phase solid was extended for fluid-driven
dynamic cracks and agrees well with existing analytical
methods. Other new approaches for modeling and
simulation of the fracturing process have also been
introduced [28-30]. These methods can handle crack
branching and fragmentation effectively and reproduce the
fracturing process clearly, playing an important role in the
study of crack extension in soils.

However, most of the research focuses on the fracture
induced by water pressure, and knowledge of slurry-
induced fracture during shield tunneling remains limited.
According to existing research [31,32], viscosity reduces
seepage and increases the flow resistance of the liquid in
cracks, which may cause the fracturing induced by water
and slurry to be very different. Therefore, previous studies
cannot be directly used in shield tunnel engineering.
Moreover, hydraulic fracturing tests were performed using
a series of through-hole cylinder samples, whose failure
mode may be different from that of the tunnel face. In this
study, a hydraulic fracturing apparatus was developed to
test the slurry-induced fracturing of cohesive soil. To
simulate the failure mode of shield tunnels, two types of
samples with blind holes and through holes were prepared
for the tests. The effects of different factors, including

sample types, unconfined compressive strength of soil,
slurry viscosity, and loading conditions, on the fracturing
pressure and fracture dip were examined. Based on the test
results, an empirical approach was proposed to estimate the
fracturing pressure of the soil, providing references for
setting the slurry counterpressure during slurry shield
tunneling.

2 Hydraulic fracturing experiment
2.1 Apparatus

In this study, an apparatus was developed for hydraulic
fracturing tests of cohesive soil. As shown in Fig. 2, the
apparatus consists of four parts: a loading system, a
programmable logic controller (PLC) control system, a
monitoring system, and a test chamber. The test chamber
was a hollow cylinder with a height of 16 cm and a
diameter of 13 cm, as shown in Fig. 3(a). A rubber sleeve
was placed in the chamber to seal the soil samples. The
circumferential pressure acting on the soil sample was
provided by oil in the test chamber, and the pressure could
be adjusted by using a hydraulic pump. There are caps on
the ends of the test chamber, and a hydraulic jack was
applied on the top of the soil sample to provide the axial
load. Slurry pressure was applied to the inside of the soil
sample through a hole at the bottom. Three sensors (a load
cell and two pressure gauges) were used to monitor the
corresponding load. The precisions of the load cell and
pressure gauges were 1.0 g and 1.0 kPa, respectively. All
the sensors were connected to the PLC control system
shown in Fig. 3(b) to collect and record data in real time.

The sample prepared in advance was wrapped in a
rubber sleeve and placed into the test chamber. The sample
base connected to the grouting pipe was placed at the
bottom cover, and then the top cover was installed in the
test chamber. The axial load and circumferential pressure
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Fig. 2 Schematic of the fracturing test equipment.
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Fig. 3 Photographs showing details of the slurry fracturing test
apparatus. (a) Test chamber; (b) PLC control system.

were set to specified values, and then the slurry injection
pressure was increased continuously until the sample
fractured. Finally, all three pressures were unloaded
simultaneously to prevent the samples from being
damaged by uneven unloading. After unloading, the
sample was removed for observation and recording.

2.2 Material

Because it is difficult to guarantee the homogeneity of
samples using disturbed soil and the fracturing process
may be greatly affected by random defects in samples,
artificial clay with a homogeneous structure was adopted in
preparing samples in this study. This enabled the
mechanical parameters of samples to be adjusted for
more extensive parametric studies by changing the
material ratios. Based on previous studies, the fracturing

pressure depends significantly on the unconfined com-
pressive strength. Therefore, the unconfined compressive
strength of artificial clay with different material ratios was
tested. The composition of artificial clay includes aggre-
gates and cementation. In this study, kaolin clay and
bentonite were selected as the aggregate, and gypsum was
selected as the cementing material. To ensure the
homogeneity of the samples, soil pastes were obtained
by mixing three materials with water, pouring the mixtures
into molds, and allowing them to solidify to form samples.
The good fluidity of the soil paste ensured the compactness
and homogeneity of the poured sample. Samples with
different strengths were obtained, and the corresponding
material ratios of kaolin, gypsum, bentonite, and water are
listed in Table 1.

To study the effect of slurry viscosity on fracturing
pressure, slurries with different viscosities were also
prepared to perform fracturing tests. The components of
the slurry were water, bentonite, and carboxymethyl
cellulose. As shown in Fig. 4, the slurry was dyed red to
observe the fracture shape clearly, and the slurry viscosity
was measured using a 700 mL funnel viscosimeter. The
viscosities of the slurries with different material ratios are
listed in Table 2.

2.3 Samples and loading conditions

As shown in Figs. 5(a) and 5(b), the mold for the sample
preparation was cylindrical with a central axis. The height
and outer diameter of the mold were 100 and 100 cm,
respectively. The mold was equipped with two different
bases to prepare samples with through holes and blind
holes, and the heights of the central axis of the bases were
100 and 50 cm, respectively. The samples were prepared in
molds using a casting method [22,23]. The molds were
placed on a small shaking table to eliminate air bubbles in
the soil paste during pouring. Vaseline was smeared on the
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Table 1 Material ratios of different unconfined compressive strengths

kaolin (g) gypsum (g) bentonite (g) water (g) unconfined compres-
sive strength (MPa)

778 500 389 1000 0.100

742 573 353 1000 0.167

703 647 315 1000 0.239

667 721 279 1000 0.364

629 796 240 1000 0.413

593 870 204 1000 0.692

557 942 169 1000 0.713

Fig. 4 Photograph showing measurement of slurry viscosity.

Table 2 Material ratios of slurry with different viscosities

water (g) bentonite (g) carboxymethyl cellulose (g) viscosity (s)
1000 0 0 15

935 65 0 18

899 101 5 21

853 147 10 24

814 186 12 27

746 254 14 28.5

746 254 17 30

746 254 21 33

inner side of the molds to facilitate demolding. Then, the
samples were placed for a period of time until they
solidified, after which the samples were demolded.
Additionally, the same batch of soil material was used
for the unconfined compressive tests. Figure 5(c) shows a
solidified sample with good homogeneity; the homogene-
ity minimizes interference from random defects on the test
results.

In this study, the effects of different sample parameters
and loading conditions, including types of holes, uncon-
fined compressive strength, slurry viscosity, and axial and
circumferential loads, on the fracturing pressure and
fracture dip were examined. The radius and height of the
samples in all cases were 25 and 100 mm, respectively.
Owing to the stress concentration on the tunnel face, two
different types of injection holes, namely, through and
blind holes, as shown in Figs. 6(a) and 6(b), were set in
these samples. The unconfined compressive strength of the
soil material ranged from 0.1 to 0.71 MPa. The slurry
viscosity ranged from 15 to 33 s. The details of the sample
parameters and loading conditions are presented in Table 3.

3 Characteristics of fracturing pressure
and fracture dip

3.1 Fracturing pressure

Figure 7 presents the development of the slurry pressure in
the center hole during the test process. The changes in the
circumferential and axial loads are plotted in this figure.
Sample C with a blind hole was used in this test, and the
slurry viscosity was 33 s. The axial and circumferential
loads were 0.4 and 0.5 MPa, respectively. As shown in
Fig. 7, the loading process during the fracturing test can be
conducted in four stages: (a) initial loading, (b) loading
stabilization, (c) increase in the slurry loading, and (d)
fracturing failure. During the initial loading, all the loads,
including the axial load, circumferential load, and slurry
load, increase to the specified values in the first 40 s.
During loading stabilization, all the loads are kept stable
for 10 s. During the increase in the slurry loading, after
50 s, the slurry pressure in the center hole starts to increase
again, while the circumferential and axial loads remain
constant. During this stage, there are no through cracks in
the soil sample, and fracturing failure does not occur. The
slurry pressure reaches a peak at 67 s and the correspond-
ing value is 1.32 MPa. Finally, during fracturing failure,
through cracks occur in the soil sample and the slurry
pressure as well as the axial and circumferential loads
rapidly decrease to zero. The peak value of the slurry
pressure before fracturing failure can be considered as the
fracturing pressure.

3.2 Fracture dip

Because the pressurized liquid was dyed red in advance,
the fracture surface in the soil samples could be clearly
observed. Figure 8(a) shows a fractured soil sample with a
blind hole after the fracturing test in which the axial and
circumferential loads are 0.4 MPa. It can be seen that the
fracture extends obliquely from the bottom of the center
hole to the surface at an angle, which is called the fracture
dip. The fracture pattern of samples with blind holes is
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Fig. 5 Mold and sample: (a) mold; (b) mold base; (c) solidified sample.
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Fig. 6 Center hole type: (a) through; (b) blind.

Table 3 Sample parameters and loading conditions
sample H(mm) R (mm) r (mm) o. (MPa) o, (MPa) q, (MPa) v (s) center hole type
Al 100 25 9 0.3, 0.4, 0.4 0.71 18 blind/through
0.5, 0.6, 0.7 05
A2 100 25 9 0.4 0.3,04, 0.71 18 blind/through
05 0.5, 0.6, 0.7
0.6
B 100 25 9 0.2 0.2 0.1, 0.17, 0.24, 0.36, 18 blind/through
0.41, 0.69, 0.71
C 100 25 9 0.5 04,05 0.71 15, 18, 21, 24, blind
27, 28.5, 30, 33

Notes: H = sample height; R = sample radius; » = center hole radius; o, = circumferential pressure; o, = axial pressure; g, = unconfined compressive strength; v = slurry

viscosity.

similar to that in tunnels described by Yuan [2], as shown
in Fig. 9. The fracture dip of this sample was ~45°. Figure
8(b) shows a fractured soil sample with a through hole. In
contrast to samples with blind holes, the fracture of

samples with through holes follows the generatrix. The
samples are usually broken into two parts, and the fracture
shapes under different loading conditions are nearly the
same.
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Fig. 9 Diagram of the fracture shape in tunnels.

4 Parametric analyses
4.1 Loading conditions

The circumferential and axial pressures acting on the soil
sample are important factors in the occurrence of

fracturing. To study the influence of the circumferential
pressure on the fracturing pressure and fracture dip,
fracturing tests were conducted on sample Al under
different circumferential pressures varying from 0.3 to
0.7 MPa. Two levels of axial pressure were set, i.e., 0.4 and
0.5 MPa. The unconfined compressive strength was
0.71 MPa. A slurry with a viscosity of 18 s was used in
the tests to apply the center hole load. Figure 10 shows the
variation in the fracturing pressure at different circumfer-
ential pressures. A linear relationship was found between
the fracturing and circumferential pressures. This is
because circumferential pressure can resist fracturing.
The greater the circumferential pressure, the higher is the
fracturing pressure. Consequently, a higher overburden of
the tunnel can help resist fracturing induced by shield
tunneling. With the increase in circumferential pressure,
the fracturing pressure of samples with a blind hole is
slightly greater than that with a through hole. This is
because the samples with through holes mainly undergo
tensile failure, whereas the samples with blind holes
undergo the combined effects of tensile and shear failures.
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Fig. 10 Variation of fracturing pressure with circumferential
pressure.

To investigate the influence of the axial pressure on the
fracturing pressure and fracture dip, fracturing tests were
conducted on sample A2 under different axial pressures
ranging from 0.3 to 0.7 MPa. Three levels of circumfer-
ential pressure with values of 0.4, 0.5, and 0.6 MPa were
set. The unconfined compressive strength was 0.71 MPa,
and a slurry with a viscosity of 18 s was adopted. Figure 11
shows the variation in the fracturing pressure at different
axial pressures. It can be seen that the fracturing pressure
varies slightly with the axial pressure under the three levels
of circumferential pressure. Additionally, the fracturing
pressures of samples with blind holes were again found to
be slightly larger than those with through holes.
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Fig. 11  Variation of fracturing pressure with axial pressure.

From the test results, it is observed that the fracture dips
of the blind-hole samples change with circumferential and
axial pressures, while the fracture shapes of all through-
hole samples are nearly the same. Only the fracture dips of
the samples with blind holes were investigated in this

study. Figure 12(a) shows the variation in the fracture dip
of blind-hole samples with circumferential pressure under
the same axial pressure. It can be seen that the fracture dip
increases linearly with the increase in circumferential
pressure; that is, the larger the circumferential pressure, the
more the fracture extends toward the circumferential
direction. When the circumferential pressure is kept
constant, the variation in the fracture dip of the blind-
hole samples with axial pressure is shown in Fig. 12(b). It
is found that the fracture dip decreases with the increase in
axial pressure, which indicates that the fracture tends to be
parallel to the axial direction under higher axial pressure
conditions. By incorporating the effects of both the
circumferential and axial pressures shown in Figs. 12(a)
and 12(b), it can be concluded that the fracture in tunnels is
prone to extend toward the direction of higher pressure.
This is because the fracture occurs in the direction
perpendicular to the minimum principal stress and extends
along the maximum principal stress [33,34].

Based on elastic—plastic mechanics, the volume change
of the material depends on the principal stress, while the
deformation depends on the state of the deviator stress
when it enters the plastic state. The influence of the
deviator stress on the fracture dip is investigated by
considering that plastic failure occurs when soil samples
are fractured. Deviator stress o,—o, is defined as the
difference between the axial pressure o, and circumfer-
ential pressure o, in the triaxial test done by Xu [35],
which was also adopted in the fracturing tests in this study.
Figure 13 shows the variation in the fracture dip of the
blind-hole samples with deviator stress o, —o,.. From the
figure, it can be seen that the fracture dip decreases linearly
with an increase in deviator stress. Although the axial and
circumferential pressures are different, the fracture dip is
basically the same as long as the deviator stress o, — o, is
the same, which means that the fracture dip mainly
depends on the deviator stress. The fracture dip was ~45°
for zero deviator stress. When the deviator stress o, — o,
was < — 0.3 MPa, the fracture dip increased to 90°; that is,
the fracture was perpendicular to the sample axis, as shown
in Fig. 14.

To verify the accuracy of the variation of the fracture dip
of blind-hole samples with deviator stress, more fracturing
tests were conducted under deviator stresses of 0.1 and
— 0.1 MPa. The circumferential and axial pressures were
variable at each level of deviator stress. Figure 15 shows
the variation of the fracture dip of blind-hole samples with
circumferential pressure when the deviator stress is 0.1 and
— 0.1 MPa. It can be clearly seen that, when the deviator
stress is constant, the fracture dip does not change with
circumferential pressure. The fracture dips at different
circumferential pressures are ~30° for a deviator stress of
0.1 MPa. When the deviator stress is —0.1 MPa, the
fracture dips are ~50°, which are in accordance with the
results shown in Fig. 13. Two examples of fractured
samples with blind holes under these two levels of deviator
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Fig. 13 Variation of fracture dip of blind-hole samples with
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Fig. 15 Variation of fracture dip with circumferential pressure
under constant deviator stress.

stress are shown in Fig. 16. The results further verify that
the fracture dip of a sample with a blind hole is mainly
related to the deviator stress.

4.2 Unconfined compressive strength

The unconfined compressive strength is widely acknowl-
edged as a vital factor for hydraulic fracturing of soil. In
this parametric study, seven different unconfined compres-
sive strengths ranging from 0.1 to 0.71 MPa were
considered. Figure 17 shows the effect of the unconfined
compressive strength on the fracturing pressure of the soil.
Both the axial and circumferential pressures acting on the
soil sample were 0.2 MPa. The viscosity of the slurry used
in this test was 18 s. It can be clearly seen from Fig. 17 that
the fracturing pressure of the soil exhibits a linear
increasing tendency with an increase in the unconfined
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Fig. 16 Photographs of fracture dip and fracture surface of
samples with blind holes under constant deviator stress: (a) — 0.1
MPa deviator stress; (b) 0.1 MPa deviator stress.
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Fig. 17 Variation of fracturing pressure with unconfined com-
pressive strength.

compressive strength. This can be understood by the fact
that a higher unconfined compressive strength can enhance
the capacity to resist fracturing failure.

4.3  Slurry viscosity

During tunneling using a slurry shield machine, the slurry
viscosity is usually adjusted based on the encountered soil
properties and slagging capacity. To study the effect of
slurry viscosity on soil fracturing, a series of tests were
performed using slurries with different viscosities varying
from 15 to 33 s. The designed mix ratios of the adopted
slurries are listed in Table 2. The circumferential pressure
was 0.5 MPa and two axial pressures with values of 0.4 and
0.5 MPa were set in the experiments. The unconfined
compressive strength of the sample was 0.71 MPa.
Because the type of samples has only a minor impact on
the fracturing pressure, samples with blind holes were

selected for the test in this section. Figure 18 shows the
effect of slurry viscosity on the soil fracturing pressure. It
can be seen that the fracturing pressure increases with an
increase in slurry viscosity. However, when the slurry
viscosity was >27 s, the fracturing pressure almost
stabilized at 1.3 MPa and barely increased any further.
This is because micro-fractures usually occur before
fracturing failure, and the micro-fractures are easily
penetrated by the low-viscosity slurry, which in turn
contributes to the development of additional micro-
fractures. The effect of slurry viscosity on the fracture
dip is shown in Fig. 19. The fracture dip fluctuates slightly
within a narrow range with the increase in slurry viscosity
in the two cases, indicating that it is slightly affected by the
slurry viscosity. This is because the fracture dip depends on
the direction of the principal stress, whereas the change in
slurry viscosity does not affect the direction of the
principal stress. In the case in which o, = 0.4 MPa and
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Fig. 18 Variation of fracturing pressure with slurry viscosity.
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Fig. 19 Variation of fracture dip with slurry viscosity.
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0. = 0.5 MPa, the fracture dip varies in the range of
49°-53°. The fracture dip is 41°—47° for the cases in which
0, = 0.5 MPa and o, = 0.5 MPa. The results of these
two cases agree with the results shown in Fig. 13.

5 Discussion

Mori and Tamura [22] and Mori et al. [23] investigated the
relationship between the hydraulic fracturing pressure and
confining stress by conducting laboratory tests on
cylindrical samples with through boreholes. They sug-
gested the following equation for estimating the fracturing
pressure:

Py = 03 + aqu, (M

where o3 is the confining stress, g, is the unconfined
compressive strength, and « is the coefficient related to the
viscosity of the pressurized liquid.

To quantitatively estimate the fracturing pressure at the
excavation face in tunnels, a fitting process was conducted
on the test results of samples with a blind hole. As shown
in Fig. 20, the relationship between the fracturing pressure
and circumferential pressure in the above tests can be
linearly fitted with an R* value of 0.96. It can be seen that
the slope of the linear function is almost 1.0, which follows
Eq. (1) for the through-hole cases proposed by Mori and
Tamura [22] and Mori et al. [23]. Intercepts of all fitted
lines are basically the same. This is because the unconfined
compressive strength of the samples and the slurry
viscosity in the four cases are the same. To study the
relationship between the fracturing pressure P; and
unconfined compressive strength ¢,, the relationship
between P;—o, and ¢, was analyzed and fitted, as
shown in Fig. 21. It can be concluded that the equation
for the fracturing pressure of samples with blind holes is
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Fig. 20 Relationship between fracturing pressure and circumfer-
ential pressure of samples with a blind hole.

P = o, + 0.7q,, satisfying Eq. (1) for the through-hole
cases. The R? value in this regression is 0.99, indicating
that the equation fits well with the test data.

To determine the relationship between the fracturing
pressure and slurry viscosity, the variation of the
coefficient & with slurry viscosity is plotted in Fig. 22.
An exponential curve was used to fit the test data. The
fitted fracturing pressure of the soil can be expressed as

Pr=o, + (— l4e 34 + 1.2)%, @)

where o, is the circumferential stress, g, is the unconfined
compressive strength, and v is the slurry viscosity; R? is
0.99.

Figure 23 shows the comparison between the test results
and the prediction of the fracturing pressure using Eq. (2).
An error range of 5% is also shown in the figure. It can be
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Fig. 21 Relationship between P;—o, and unconfined compres-
sive strength of samples with a blind hole.
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Fig. 22 Relationship between the coefficient o and slurry
viscosity of samples with a blind hole.
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Fig. 23 Comparison of the test results and prediction of
fracturing pressure.

seen that almost all the fracturing pressures were within the
+5% range. To further test the goodness of fit in the
regression analysis of fracture pressure, a statistical
analysis was conducted to present the probability density
function [36-38]. Figure 24 shows the statistical results of
the errors between the test data and the predicted values.
The fracture pressure error can be described by a normal
distribution in which the variance and mean values are
0.001 and 0.0008, respectively. It can be seen that the mean
value of the errors is small enough and the statistical
dispersion of the distribution is very slight, indicating good
applicability of the proposed approach.

Additionally, numerical simulation is an effective
method employed in hydraulic fracturing research [24—
30]. To verify the relationship between the fracture dip and
loading conditions, the extended finite element method
(XFEM) was used to simulate the hydraulic fracturing of a
sample with a blind hole under various loading conditions.
Three-dimensional models of the same size as used in
laboratory tests were built and fractured under different
circumferential pressures varying from 0.1 to 0.8 MPa.
Two levels of axial pressure were set, i.e., 0.4 and 0.5 MPa.
As shown in Fig. 25, a fixed boundary condition was
adopted on the left side of the model, and the free boundary
condition was adopted on the others. The loading process
was consistent with that of the laboratory tests. Axisym-
metric stress elements and elastic properties with an elastic
modulus of 90 MPa and a Poisson’s ratio of 0.25 were
used, and the maximum principal stress criterion was taken
as the failure criterion. Figure 26 shows the fracture shape
of the cracked model when the axial pressure and the
confining pressure are 0.4 and 0.5 MPa, respectively. It can
be seen that the fracture shape obtained by using the
XFEM is consistent with the results of laboratory tests
(Fig. 16). Figure 27 shows a comparison of the fracture dip
between the numerical simulations and the tests under
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Fig. 24 Distribution of errors between test data and predicted
results.
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Fig. 25 Boundary and loading conditions of the model in the
numerical simulation.

different loading conditions. The variation in fracture dip
with loading conditions obtained by using the numerical
method is in agreement with the test results, which verifies
the feasibility of the simulation of the fracturing process by
using the XFEM.

6 Conclusions

In this study, a hydraulic fracturing apparatus was
developed to test the slurry-induced fracturing of cohesive
soil. The characteristics of fracturing pressure and fracture
dip were investigated. The effects of different sample
parameters and loading conditions, including types of
holes, unconfined compressive strength, slurry viscosity,
and axial and circumferential loads, on fracturing pressure
and fracture dip were examined. The conclusions are
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Fig. 26  Fracture shape of the cracked model (o, = 0.5 MPa and
o, = 0.4 MPa).
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Fig. 27 Comparison of the test results and prediction of
fracturing pressure.

summarized as follows.

1) The sudden decrease in slurry pressure could be the
main signal for the fracturing failure of the soil. The
fracture of samples with a blind hole extends obliquely
from the bottom of the center hole, while the fracture of
samples with a through hole follows the generatrix of the
soil sample.

2) The slurry-induced fracture of the samples with a
blind hole tends to extend toward the direction of the
maximum principal stress. The fracture dip depends
greatly on the deviator stress, and it decreases linearly
with an increase in deviator stress.

3) The fracturing pressure increases linearly with the
increase in the circumferential pressure, indicating that a
higher overburden of the tunnel can help resist the initial
fracturing induced by shield tunneling. However, the
fracturing pressure was almost independent of the axial
pressure. The fracturing pressure of samples with a blind
hole was greater than that of those with a through hole.

4) The fracturing pressure of the soil increases with an
increase in the unconfined compressive strength, and the
curve follows a linear relationship. The use of a high-

viscosity slurry can also increase the soil resistance to
fracturing failure. However, when the slurry viscosity
was > 27 s, the fracturing pressure almost stabilized at
1.3 MPa and barely increased any further. The fracture dip
was slightly affected by the slurry viscosity.

5) Based on the regression analysis of the test results, an
empirical approach was proposed for estimating the slurry-
induced fracturing of soil. The prediction results matched
well with the test data, presenting an acceptable error of
5%.

Furthermore, the fracturing pressure is also related to
many other factors, such as the loading speed and soil
permeability, which are difficult to evaluate in tests. Phase
field models [24—27] and deep neural networks [39], which
aim to solve mechanical problems using computer
methods, are also effective research methods for explain-
ing phenomena that are difficult to detect experimentally.
Further exploration of the influencing factors of fracturing
pressure using phase field models and deep neural
networks will be performed in future studies. As an
exploration, this study can provide references for prevent-
ing hydraulic fracturing during slurry shield tunneling.
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