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Traditional hydraulic fracturing theory believes that as the initial pore pressure
increases, the breakdown pressure of the rock will decrease. Previous
experimental studies have shown that the breakdown pressure of rock hydraulic
fracturing may increase with the increase of initial pore pressure (gradient), which
cannot be explained by traditional theory. The current understanding of the effect of
pore pressure and its gradient during hydraulic fracturing is still unclear. In this study,
the pore pressure effect of rock hydraulic fracturing is analyzed based on a large
number of macroscopic andmicroscopic phenomena of rock hydraulic fracturing in
the previous study. Then, a new fracture criterion of rock fracturing is built
considering the pressure-gradient effect. This new fracture criterion can reflect
the main influence factors, including the rock particle size, porosity, pumping flow,
inner diameter of open hole section, length of main fracture, height of main fracture
(or length of open hole section), fluid viscosity, pore pressure, minimum initial in situ
stress and rock tensile strength. The new fracture criterion is examined by the rock
fracturing experiment which considering the pressure-gradient effect. The results
show that the proposed fracture criterion considering the pore pressure effect can
well predict the breakdown pressure of rock, and the prediction trend is consistent
with the experimental results. The average error is less than 1% when adopting the
present fracture criterion. The parameter sensitivity of the fracture criterion is
analyzed. Results show that the fracture pressure increases with the rock porosity
and this trend becomes more apparent with a larger initial pore pressure. It shows
that the fracture pressure increases with the pumped flow rate. Besides, it shows that
the fracture pressure decreases when increasing the particle size of the rock, but the
decreasing trend gradually slows down. The research results can provide a
theoretical basis for the mechanism of rock hydraulic fracturing and the
structural modification effect of fluids in rock engineering.
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1 Introduction

Hydrofracturing refers to injecting high-pressure fluid (water, gas, etc.) into the formation
through drilling, which induces the wellbore broken and fractures propagation under the action
of hydro-mechanical coupling. Finally, artificial fractures are formed in the formation (Fjaer
et al., 2008; King, 2012). Hydraulic fracturing is the most widely used and mature
hydrofracturing technology. At present, it has been successfully applied to the development
of shale oil and gas, tight oil and gas, coalbed methane and dry hot rock (Clarkson et al., 2016;
Hou et al., 2018; Li et al., 2018; Zhang et al., 2018). Recently, hydraulic fracturing technology has
been widely used in the coal industry. It is utilized for control of hard roofs, weakening of hard
top coal, improvement of coal seam permeability, prevention of coal and gas outbursts, and rock
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bursts, which have achieved remarkable results (Huang et al., 2016;
Huang et al., 2017; Wu and Kang, 2017; Lv et al., 2020).

The hydraulic fracturing mechanism for coal and rock mass refers
to the essential reason of borehole fracturing under the coupling effect
of fluid pressure and solid stress field. It is to explain how coal and rock
mass is cracked during hydraulic fracturing. It includes analysis of
fracture mode and establishment of fracture criterion, prediction of
breakdown pressure and determination of fracture direction. Fracture
modes include tensile fracture and shear fracture, corresponding to
tensile fracture criterion and shear fracture criterion.

Breakdown pressure refers to the pressure at which the high-
pressure water injected into the wellbore (borehole) causes the
wellbore (borehole) to rupture during the hydraulic fracturing. It is
also known as the initiation pressure. The size of the breakdown
pressure is mainly determined by the in-situ stress, the tensile strength
of the stratum and the initial pore pressure. Breakdown pressure is a
key technical parameter of fracturing design and construction process,
which directly affects the effect of fracturing construction operations.
The failure of hydraulic fracturing construction operations due to
inaccurate prediction of breakdown pressure often occurs during
engineering construction (Cuisiat and Haimson, 1992; Enever et al.,
1992; Guo et al., 1993). Therefore, it is significant to study the fracture
mechanism of coal and rock mass and give the corresponding
breakdown pressure prediction formula for coal and rock mass
hydraulic fracturing construction.

The early classical hydraulic fracturing theory believes that under
the borehole water pressure and stress field, the borehole wall would
undergo tensile fracture, resulting in a single hydraulic fracture. At the
same time, the effective stress principle is introduced to consider the
initial pore pressure of the stratum. The fracture process of rock
hydraulic fracturing is analyzed, and many theoretical calculation
formulas of the breakdown pressure are derived (Ito and Hayashi,
1991; Hossain et al., 2000; Huang et al., 2012; Zhang et al., 2011;
Detournay and Carbonell, 1997; Jeffrey, 1989; Hubbert and Willis,
1957). Among them, the most widely used model is the classic H-W
formula proposed by Hubbret M.K. and Willis D G in 1957 (Hubbert
and Willis, 1957).

Pb � 3σh − σH + T − P0 (1)
Where σh is the minimum horizontal principal stress, MPa; σH is the
maximum horizontal principal stress, MPa; T is the rock tensile
strength, MPa; P0 is the rock pore pressure, MPa. This formula
uses elastic theory to analyze the stress distribution around the
borehole before fracturing. It is derived based on the maximum
tensile stress strength criterion. Besides, it is aimed at the
fracturing process of impermeable rock masses without considering
the seepage effect of rock pore fluids. Therefore, the calculation results
are larger than the actual value.

In 1967, under the assumptions of isotropy, homogeneity and
small deformation, Bezalel Haimson and Charles Fairhurst (Haimson
and Fairhurst, 1967; Haimson and Fairhurst, 1969) introduced Darcy’s
law and Biot’s effective stress principle based on the H-W formula.
Then, they proposed the H-F formula for calculating the breakdown
pressure of permeable rock.

Pb � 3σh − σH + T − 2ηPi

2 1 − η( ) (2)

When the rock is not structurally deformed, there are:

η � ϕ 1 − 2υ( )
2 1 − υ( ) (3)

In the formula, η is the parameter of rock permeability, ranging from
0 to ~.5. ϕ is the porosity of the stratum, and υ is the Poisson’s ratio of
the rock. This formula takes into account the influence of filtration of
fracturing fluid on the breakdown pressure. For rocks with high
permeability, the calculated breakdown pressure is higher than the
actual value.

Anderson et al., 1973 proposed the calculation formula of the
breakdown pressure under uniform horizontal in-situ stress, which
considered the stress concentration of the borehole wall and the
influence of pore pressure on the stress and strain of the rock.

Pb � 2υ
1 − υ

Pv − βPp( ) + αPp (4)

Where Pv is the overburden pressure, Pp is the stratum pore pressure,
and β is the Biot coefficient. This formula is modified on the basis of
the H-W formula, but does not consider the influence of tectonic stress
on the breakdown pressure.

Huang 1981 revised the H-W formula, and proposed the following
formula for calculating breakdown pressure, which comprehensively
considered the influence of borehole wall stress concentration, pore
pressure, tectonic stress and tensile strength on breakdown pressure.

Pb � 2υ
1 − υ

+ 3c1 − c2( ) Pv − Pp( ) + Pp + σt (5)

Where c1 and c2 are the two geological structural stress coefficients in
the horizontal principal stress direction. σt is the rock tensile strength.
The Terzaghi effective stress principle used in H-W is still used to
calculate the effective stress in this formula, but the considerations are
more comprehensive.

Li and Kong 2000 re-derived the effective stress principle of
porous media, and deduced the breakdown pressure formula that
can be applied to any permeable rock.

Pb � 3σh − σH + σt − φ 1−2υ
1−υ Pp

1 + φc − φ 1−2υ
1−υ

(6)

Where φ is the rock porosity, φc is the rock contact porosity, and υ is
the Poisson’s ratio. This formula effectively unifies the H-W formula
and the H-F formula. The basic principle is the same as the H-W
formula, and a modified effective stress principle is introduced at the
same time.

Compared with the research on tensile failure mechanism in
traditional hydraulic fracturing theory, the shear failure mechanism
in hydraulic fracturing is rarely involved. In recent years, with the
large-scale development of unconventional natural gas resources such
as shale gas and coalbed methane, it has been discovered that not a
single hydraulic fracture but a complex fracture network system is
produced during hydraulic fracturing (Yao et al., 2016). The
traditional single fracture theory based on tension fracture can no
longer explain the fracture process of unconventional natural gas
reservoir hydraulic fracture. Therefore, based on tension fracture and
shear fracture, it has become a theoretical problem that studying the
fracture mechanism of the fracture network system, which needs to be
solved urgently. This problem has gradually become one of the current
research hotspots in the field of hydraulic fracturing.

Some studies are conducted on whether the borehole wall undergo
shear failure during fracturing. The results show that when the three-
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dimensional principal stresses are all compressive stresses, shear
failure may also occur at the borehole wall (Lockner and Byerlee,
1977). The shear failure condition of the borehole wall is analyzed by
the Mohr-Coulomb failure criterion, and the identification method of
hole wall failure mode is given (Yang et al., 1993). However, the
analysis process is still using the elastic theory. The possibility of shear
fracture of borehole wall under compressive principal stress is
analyzed. But the effect of fluid pressure in the borehole is ignored
during the hydraulic fracturing, and the permeability of the rock is not
considered. The source of shear stress that causes shear fracture of
borehole wall during the hydraulic fracturing is also not analyzed.

Traditional hydraulic fracturing theory does not consider the
permeability of the rock (Hubbert and Willis, 1957; Haimson and
Fairhurst, 1967), and uses the tensile fracture criterion to describe its
fracture and propagation behavior (Olovyanny, 2005). Pressurized water
penetrates into the rock along the fractures, forms pore pressure, and
generates pore pressure gradient (Lenoach, 1995; Tang et al., 2002). The
influence on pore pressure ismainly based on the effective stress principle
of saturated soil mechanics. But the understanding of the influence of
pore pressure and its gradient during hydraulic fracturing is still unclear
(Takatoshi, 2008). The practice of hydraulic fracturing of gas-bearing coal
seams and the previous theoretical experimental research show that the
breakdown pressure of hydraulic fracturing may increase with the
increase of pore pressure (gradient) (Huang et al., 2018). This is
unexplainable by traditional theory. Therefore, it is necessary to
deeply understand the effect mechanism of the pore pressure gradient
on hydraulic fracturing from the root.

In this study, aiming at the effect of pore pressure and its gradient
during hydraulic fracturing, the mesoscopic structure of the rock is
taken as the entry point of this study. The mesoscopic effect of fluid
pressure on matrix particles during rock hydraulic fracturing is

analyzed by constructing a mesoscopic structure model of rock. A
rock mesoscopic fracture model considering the effect of pore pressure
and its gradient is established. The effect mechanism of pore pressure
and its gradient on rock hydraulic fracturing is revealed. The research
results can provide a theoretical basis for the mechanism of rock
hydraulic fracturing and the structural modification effect of fluids in
rock engineering.

2 Pore pressure gradient effect of rock
hydraulic fracturing

When the rock hydraulic fracturing experiment is performed, the
rose-red dye used in the poster is add to the fracturing fluid. Then stir
it evenly, so that the sample is opened to observe the shape of the
hydraulic fracture after the experiment (Figure 1). It is found that there
is an osmotic water pressure zone at the front of the hydraulic fracture
tip. It indicates that the particle bonding plane is permeable before it is
fractured in the hydraulic fracturing process. The pressure water is
osmotically filtered along the particle bonding plane, forming pore
pressure and producing pore pressure gradient. When the borehole
walls fracture, the hydraulic fracture tip and the front of the seepage
zone expand forward simultaneously. Besides, the front of seepage
pressure zone is ahead of the hydraulic fracture tip.

Through the above analysis, it is clear that the following factors
must be considered when analyzing the fracture of the matrix particle
bonding during hydraulic fracturing: 1) The rock is a permeable pore
medium composed of mineral particles and has a certain initial pore
pressure; 2) hydraulic fracturing leads to an increase in pore pressure
in front of the fracture tip, which in turn generates a pore pressure
gradient; 3) seepage caused dynamic water pressure (drop).

FIGURE 1
Rock hydraulic fracturing. (A) Hydraulic fracturing in borehole under true triaxial stress and permeability water pressure zone morphology at hydraulic
fracture tip; (B) Microcrack zone at hydraulic fracture tip.
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3 Construction of rock fracture model
considering pore pressure effect

3.1 Typical rock mesoscopic structure

Traditional hydraulic fracturing theory uses the effective stress
principle of saturated soil mechanics to deal with the pore pressure
when analysing the fracture process of rock. It is believed that the pore
pressure and the particle framework share the external load, and the
rock is assumed to be an impermeable medium. Therefore, the greater
the initial pore pressure, the lower the breakdown pressure of the rock.
The theory of hydraulic fracturing has been continuously updated in
recent years, especially with the development of numerical
calculations. There are many hydraulic fracturing theoretical
models considering rock permeability and fluid-solid coupling, but
the effect of pore pressure is still analyzed based on the effective stress
principle.

When dealing with the problem of rock fracture induced by fluid
pressure, pore pressure will affect the seepage process of fluid.
Therefore, whether the effective stress principle of saturated soil
mechanics is still applicable? This requires deep thinking.

To bypass the principle of effective stress and analyze the
mechanism of pore pressure and its gradient on rock hydraulic
fracturing, it is necessary to start from the mesoscopic structure of
the rock. The effect of pore pressure on the mesoscopic framework of
the rock during the hydraulic fracturing can be analyzed by
constructing a rock mesoscopic structure model.

Hydraulic fracturing technology is mainly used in sedimentary
rock series such as oil and gas reservoirs and coal strata, the typical
lithology is sandstone. The mesoscopic structure of the sandstone
sample is scanned, and the mesoscopic structure including the matrix
structure and pore structure is observed. On this basis, the mesoscopic
conceptual model can be abstracted to perform the mesoscopic
mechanical analysis and establish the mesoscopic fracture model of
rock hydraulic fracturing.

It can be seen from the scan results of the rock mesoscopic
structure that the rock is formed by the bonding of mineral
particles with pores between the particles. The pores contain fluid
and have a certain pore pressure. The particles squeeze each other to
formmatrix stress under the action of external force. The matrix stress
interacts with the pore pressure to form the stable mesoscopic
structure of the sandstone. Based on the above analysis, a two-

dimensional mesoscopic bond particle model of the rock is
constructed, including particles, pores, and bonding plane between
particles (Figure 2).

The actual shape of the rock matrix particles is irregular spherical,
and the size is different. Their shape and size distribution have certain
randomness. This paper focuses on the failure process of the bonding
plane between mineral particles under the action of matrix stress and
pore pressure. Therefore, the influence of particle shape and size is
ignored, and it is simplified into circular equal-diameter particles.

3.2 Basic assumptions

(1) Because real rocks are composed of rock matrix and pores, it is
assumed that rocks are composed of basic units that include: i)
Rock particles A, and ii) inter-rock binders B.

(2) Assuming that rock particles A are dense non-permeable
elastomers.

(3) Assuming that the binder B is a permeable porous medium.
(4) Rock fracture occurs only between the rock particles A and the

binder B, including tension and shear.
(5) Seepage exists within the binder under the action of pore pressure

gradient, and the flow obeys Darcy’s law.

3.3 Relationship between tensile failure and
pore pressure gradient

In the process of water injection and pressurization, the water
pressure inside the main fracture is significantly higher than the pore
pressure inside the rock. So, there is seepage from the fracture into the
rock. The nature of seepage is pressure-driven flow. The direction of
seepage flow is the same as the direction of fluid pressure gradient. The
fracture in y-direction is used as an example for illustration. The
pressure gradient direction is approximately along the x-direction, as
shown in Figure 3. The following discussion is based on the case of
zero water pressure gradient and the case with water pressure gradient
respectively.

(1) At zero water pressure gradient, the bond stress is

σ ′b � p′
w − p′

wφb − p0φ0 (7)

FIGURE 2
Mesoscopic structure of sandstone (Zhao, 2019).
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Where, p′
w is the water pressure in fracture, φb is the binder porosity,

φ0 is the blind pore porosity, p0 is the pore pressure in the blind pore.

(2) When there is a water pressure gradient (Figure 4), the bond
stress is

σb � pw − pw − zp

zx
L( )φb − p0φ0 (8)

Where, pw is the water pressure in fracture, zpzx L indicates the pressure
difference between the left and right sides of the particle. When the
water pressure in fracture is the same p′

w � pw, take Δσb � σb − σ ′b,
then

Δσb � σb − σ ′b �
zp

zx
Lφb (9)

Where Δσb indicates the bond bear the additional compressive stress
due to the existence of the water pressure gradient effect. That is, if the
rock particles and the bond undergo tensile failure in the x direction,
the additional stress increment which need to be overcome. At this
point, the tensile failure condition is

pb ≥ σ3 + σt( ) + zp

zx
Lφb (10)

Where, σ3 is the minimum in situ stress, σt is the rock tensile
strength. A similar idea is used to analyze the effect of water
pressure gradient at the crack tip on the rock rupture, as shown
in Figure 5. According to the basic theory of seepage and seepage
phenomenon, the water pressure gradient at the crack tip
approximately shows a semicircular distribution around the
tip. The unit body composed of rock particles and binder is
selected. Under the action of the water pressure gradient, the
additional stress to be borne by the binder along the direction
of the water pressure gradient is Δσb, as shown in Figure 5. Then,
the additional stress increment that needs to be overcome for the
binder to break at the crack tip is Δσbx. The following relationship
exists with Δσb and Δσbx

Δσbx � Δσb cos β (11)
Based on the approximate semicircular distribution of the water

pressure gradient at the tip of the seam, it is known that β � 45+.
Therefore, the tensile failure condition of crack tip at this time is

pb ≥ σ3 + σt( ) +


2

√
2

zp

zx
Lφb (12)

3.4 Relationship between shear failure and
pore pressure gradient

Considering the general situation, the schematic diagram of the
water pressure on the rock particles is shown in Figure 6. Shear failure
occurs when the shear force in x-directional is greater than the shear
strength between the particle and the binder. Therefore, the shear
failure condition in x-direction is

z2p

zxzy
L2 ≥ τx (13)

For hydraulic fracturing in round borehole, z2p
zxzy usually tends to 0.

So, shear failure generally does not occur. The failure form is mainly
tensile failure. Based on the above analysis, this study mainly considers
the rock fracture criterion under the tensile failure condition.

4 Fracturing criterion of rock hydraulic
fracturing considering pore pressure
effect

4.1 Relationship between rock porosity φ and
particle size d and binder size w

The rock is composed of rock matrix particles and pores, which is
confirmed by experimental electron microscopy scans. The rock

FIGURE 3
Size of the basic particle unit.
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matrix structure is formed by rock particles under the action of in situ
stress through bonding. Objectively speaking, rock particles have
various shapes, including ellipsoidal, spherical, tetrahedral,
hexahedral, and irregular particles. In order to describe rock
porosity quantitatively more conveniently, spherical particles are
temporarily equated to square particles here, and it is assumed that
the rock is composed of square particles and a cemented body. The
porosity of rock is mainly related to the size and stacking form of rock
particles. Therefore, under the above assumptions, the characteristic
length of the rock particles and the width of the binder are the keys to
describe the rock porosity. Based on the above assumptions, the
definition of rock porosity is given as

φ � φb 1 − d3

d + w( )3( ) � φb 1 − 1

1 + w/d( )3( ) (14)

Where d is the rock particle length (size after equivalence for
spherical particles), w is the equivalent width of the binder,
usually .5≤ φb ≤1. In the above porosity definition process,
although the assumption of square particle structure is used, the
particle characteristic size is based on the approximation of the real
rock particle size, and the real porosity is only related to the particle
equivalent size. Therefore, the above porosity formula is feasible. For
rocks with different porosity characteristics, it is only necessary to
adjust the particle size d, binder size w and binder porosity φb in the
formula to obtain rock materials with the same porosity as the real
rock. Denote a=w/d, then

φ � φb 1 − 1

1 + a( )3( ) (15)

Rectifying the formula gives

FIGURE 4
Stress diagram of rock unit on the left wall of the crack: additional stress due to water pressure gradient.

FIGURE 5
Schematic diagram of the stress on the rock unit at the crack tip: the additional stress increment required on the crack tip binder due to the water
pressure gradient effect.
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a � 1
1 − φ/φb

( ) 1
3 − 1 (16)

4.2 Relationship of pump injection flow rate
and pore pressure gradient

The basic particle unit is composed of particle A, its lower side
binder Bx, right side binder By, and rear side binder Bz. According to
Darcy’s law, the flow rate within the binder is.

QBx � −∇p

12μ
L · h3 � −zp

zx

1
12μ

L · φbw
3 (17)

Where h denotes the seepage channel width, which is equal to the binder
width w, μ is the fluid viscosity, L is the characteristic length of the rock
unit, then the flow rate along the x-direction within the particle unit is

Qcx � QBx + QBz � −zp
zx

1
12μ

L + d( ) · φbw
3 (18)

Neglecting the flow direction (negative sign), then the relationship
between the pore pressure gradient and the flow rate in the x-direction is

zp

zx
� 12μ

L + d( ) · φbw
3
Qcx (19)

The relationship between the flow rateQcx in the particle cell along
the x-direction and the pumping flow rate Qi is

Qcx � L2

2πR + 2Lf( )Lz

Qi (20)

Where R is the radius of the injection hole, Lf is the length of the main
fracture, and Lz is the length of the naked hole section (or refers to the
main fracture height). The final pressure gradient is

zp

zx
� 6μ

L + d( ) · φbw
3

L2

πR + Lf( )Lz

Qi (21)

Then the differential pressure is

zp

zx
L � 12μ

L + d( ) · φbw
3 LQcx � 12μ

L + d( ) · φbw
3 L

L2

2πRLz
Qi

� 12μ

2d + ad( ) · φba
3d3

1 + a( )3d3

2πR + 2Lf( )Lz

Qi

� 6μ

πR + Lf( )Lzd

1 + a( )3
φb 2 + a( )a3Qi

(22)

That is

zp

zx
L � 6μ

πR + Lf( )Lzd

1 + a( )3
φb 2 + a( )a3Qi (23)

Considering the porosity factor, then

zp

zx
Lφb �

6μ

πR + Lf( )Lzd

1 + a( )3
2 + a( )a3Qi (24)

4.3 Tensile failure criterion of rock hydraulic
fracturing considering pore pressure effect

The tensile failure criterion of rock hydraulic fracturing
considering pore pressure effect has been given in the previous
section, which takes the following form:

pb ≥ σ3 + σt( ) +


2

√
2

zp

zx
Lφb (25)

FIGURE 6
Schematic diagram of pore water pressure distribution and resultant force when x-direction shear failure is considered.
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Then considering the influence of pore pressure pφ2/3 and
combined with the definition of pore pressure gradient effect given
in Eq. 24, the following tensile failure criterion of rock hydraulic
fracturing is obtained.

pb ≥ σ3 + pφ2/3 + σt( ) + 3


2

√
μ

πR + Lf( )Lzd

1 + a( )3
2 + a( )a3Qi (26)

Consider the effect of instanton deformation on rock particle size
d in fluid-solid coupling:

d � d0

eξp
(27)

Where d0 is the rock particle diameter at zero pore pressure, ξ is a
small amount and determined by experiment.

According to the compressive experiments of rock materials, it is
known that the strain per unit length of rock materials before
compressive damage is negligible relative to the unit length 1.
Analogously, it is known that the compression of the finite pore
pressure on the rock particle size is also very limited. Therefore, (27)
can be approximated as d ≈ d0. Eq. 26 is still applicable to the problem
of rock breakdown pressure prediction under the action of fluid-solid
coupling.

The above tensile failure criterion takes into account the effects of
rock particle size d, porosity φ, pumping flow Qi, inner diameter of
naked hole section R, main fracture length Lf, main fracture height (or
length of naked hole section) Lz, fluid viscosity μ, pore pressure, initial
minimum in situ stress σ3, and tensile strength σt.

Note: The effect of porosity φ is reflected in parameter a, as
detailed in the previous equation; σ3 denotes the initial minimum in
situ stress.

4.4 Shear failure of rock hydraulic fracturing
considering pore pressure effect

Shear failure condition in x-direction

z2p

zxzy
L2 ≥ τx (28)

Pore pressure gradient in x-direction

zp

zx
� 6μ

L + d( ) · φbw
3

L2

πR + Lf( )Lz

Qi (29)

The physical quantities to the right of the equal sign are all
independent of the parameter y, so

z2p

zxzy
� 6μ

L + d( ) · φbw
3

L4

πR + Lf( )Lz

zQi

zy
� 0 (30)

Therefore, there is no shear failure.

5 Experimental verification of fracture
criterion

To examine the new fracturing criterion proposed in this paper,
we choose the recent experimental data based on hydraulic fracturing
to validate the present model.

The experiment was carried out using standard cylindrical coarse
sandstone samples, as shown in Figure 7, with a diameter of 50 mm
and a height of 100 mm. Drill a cylindrical water injection hole on the
end face of the cylindrical rock sample, where the hole length is 65 mm
and its diameter is 6 mm. An open hole section with a length of 30 mm
is reserved at the bottom of the borehole as the fracture zone. The
experiment was carried out on the pseudo triaxial fluid-solid coupling
hydraulic fracturing experimental system. For detailed physical
experiment parameter settings and experimental steps, please refer
to the previous research of our research group (Huang et al., 2018;
Zhao, 2019).

The mechanical property parameters of rock samples are obtained
by averaging the values obtained through multiple tests in indoor
experiments. See Table 1 for detailed mechanical property parameters
of rock samples.

During triaxial pressurization experiments, the axial pressure is
12 MPa, and the confining pressure is 8 MPa. Then the experiments
were carried out under six different pore pressure conditions,
including 0 MPa, 1.5 MPa, 3 MPa, 4.5 MPa, 6 MPa, and 7.5 MPa,
respectively (Table 2). The rock fracture pressure obtained from
the experiment is summarized in Table 3. From experimental
results shown in Table 3, it is found that the fracture pressure of
rock samples increases gradually with pore pressure, and there is an
approximate linear relationship between the fracture pressure and
pore pressure Pb=.4586Pf +12.762 where the linear correlation
coefficient reaches R2=.9973.

First, under the condition of zero pore pressure, we compare the
fracture pressure obtained from the experiment with that given by the
traditional H-W and H-F criterion models. As shown in Table 3, the
experimental results are between the traditional H-W and H-F criteria,
and are the closest to the L-K model results, which indicates that the
experimental results given by us are qualitatively reasonable. This is
because when the pore pressure is equal to zero (Pf=0), the traditional
H-W criterion usually overestimates the rock fracture pressure, while
the H-F criterion usually underestimates the rock fracture pressure,
which can also be judged from the two definitions (refer to the previous
Formulas shown in introduction). For zero pore pressure, compared
with several existing fracture criteria, it is found that the predicted value
of fracture pressure given by our fracture criteria is more consistent with
the experimental test results, and the relative error of predicted fracture
pressure is only −.47%, which is significantly less than the relative error
of traditional fracture criteria as shown in Table 4.

In addition, by comparing with the experimental data, it is found
that the relative error of the predicted fracture pressure in this paper
is −.35% when the pore pressure is 1.5 MPa. When the pore pressure is
3.0 MPa, the relative error of the predicted fracture pressure is −.32%.
When the pore pressure increases to 4.5 MPa, the relative error of the
predicted fracture pressure in this paper is .64%. Under the condition
that the pore pressure is 6.0 MPa, the relative error of the predicted
fracture pressure in this paper is .67%. When the pore pressure further
increases to 7.5 MPa, the relative error of the predicted fracture pressure
in this paper is only .13%. The overall prediction error is within 1%. It is
worth noting that the contact porosity of .58 (twice the porosity) is
selected in the calculation process of L-K criterion in this paper. In fact,
according to Li’s rock fracture theory [25], the contact porosity is
between the porosity and 1, and the selection of contact porosity will
affect the final prediction results. How to accurately measure the contact
porosity is also noteworthy, which is crucial for the L-K criterion model.
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To compare the predicted accuracy of different models, we draw the
fracture pressure lines in the same Figure, as shown in Figure 8. It is seen
that fracture pressure predicted by the traditional H-W criterion, H-F
criterion and L-K criterion is quite different from the experimental results,
especially the predicted trend is contrary to the experimental results. The
present experimental results indicate that the fracture pressure of rock

increases with the pore pressure, which is also verified by the previous
theoretical analysis. However, the prediction results of the traditional
fracture criteria show that the fracture pressure of rock decreases with the
increase of pore pressure. It is obvious that the traditional fracture
criterion is insufficient in accurately predicting the rock fracture
pressure under the influence of variable pore pressure. By contrast, the
new fracture criterion (HLZX criterion) proposed in this paper can well
predict the rock fracture pressure, the prediction trend is consistent with
the experimental results, and the predicted values are also very consistent
with the experimental results.

6 Sensitive parameter analysis

In the calculation process, the parameters set include: minimum
geo-stress, rock tensile strength, length of water-injected hole (open

FIGURE 7
The size of sample (Zhao, 2019).

TABLE 1 Structural and mechanical characteristic parameters of sample materials (Huang et al., 2018; Zhao, 2019).

Material name Porosity φ Elastic modulus
E/GPa

Tensile strength
σt/MPa

Uniaxial compressive strength
σc/MPa

Poisson’s
ratio v

Coarse sandstone 0.221~0.290 21.25 3.735 41.03 .15

TABLE 2 Pressure environment and corresponding fracture pressure of rock samples in the experiment.

Test number Initial pore pressure
Pf/MPa

Confining pressure
σmin/MPa

Axial pressure
σmax/MPa

Fracture pressure
Pb/MPa

Increase of fracture
pressure

0 0 8 12 12.762# 0

1 1.5 8 12 13.465 5.51%

2 3.0 8 12 14.179 11.1%

3 4.5 8 12 14.757 15.6%

4 6.0 8 12 15.464 21.2%

5 7.5 8 12 16.262 27.4%

Note: # in experiment No. 0 represents the estimated experimental value obtained by linear fitting of experimental results, and the linear regression function is Pb=0.4586Pf +12.762, where the linear

correlation coefficient R2=0.9973.

TABLE 3 Comparison of fracture pressure when the pore pressure is zero.

Type Fracture pressure Pb/MPa Relative error

Experimental result 12.76 —

H-W criterion 15.73 23.3%

H-F criterion 8.934 −30.0%

Present criterion 12.70 −0.47%
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hole), inner diameter of water-injected hole, length of main fracture,
porosity of bonded body, and fluid viscosity. See Table 4 for specific

parameters. In the following part, we discuss the effects of rock
porosity, pumping capacity and particle size on rock fracture pressure.

TABLE 4 Basic parameters of rock fracturing.

Parameter Value Parameter Value

Minimum geo-stress σ3/MPa 8 Rock particle diameter d/m 0.0006

Tensile strength of rock σt/MPa 3.735 Porosity of bonded body φb 2φ

Length of water-injected hole Lz/m 0.03 Fluid viscosity μ/(Pa s) 0.001

Inner diameter of water-injected hole D/m 0.006 Pumped rate Qi/ml/min (m3/s) 30 (5×10−7)

Length of main fracture Lf/m 0 Rock porosity φ 0.22

Note: The initial crack pressure of rock is analyzed here, so the length of main crack is 0.

FIGURE 8
Comparison of rock fracture pressures predicted by different fracture criteria under variable pore water pressure.

FIGURE 9
Influence regularity of the rock porosity φ on the fracture pressure Pb.
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6.1 Influence of rock porosity on fracture
pressure

In this part, we discuss the influence of rock porosity on fracture
pressure. Results are shown in Figure 9. It is shows that the fracturing
pressure of the rock increases with the rock porosity during the
hydraulic fracturing process. When the porosity of the rock is larger,
its permeability is better. The larger the permeability range of the same
water injection pressure in the rock, the smaller the pore pressure
gradient formed. Therefore, when the initial pore pressure is constant,
the greater the rock porosity, the greater the fracture pressure of rock
hydraulic fracturing. The essential reason is that, with the increase of
rock porosity, the additional compressive stress Δσb increases, which is
borne by the bounded body, causing the increase of fracturing pressure.
It is also found that the increasing trend of the fracturing pressure is
more significant if giving a larger initial pore pressure.

6.2 Influence of pump injection rate on
fracture pressure

In this part, we discuss the influence of pump injection rate on the
fracture pressure. Results are shown inFigure 10.With the increase of pump
flow rate, the fracturing pressure of rock hydraulic fracturing increases

correspondingly. It can be seen from Eqs. 3, 8 that the larger the pump
injection flow is, the greater the pore pressure gradient on both sides of the
particle is the greater the additional pressure stress that the particle binder
needs to bear due to the effect of water pressure gradient, therefore, the
greater the fracturing pressure of rock hydraulic fracturing is.

6.3 Influence of rock particle size on fracture
pressure

In this part, we analyze the influence regularity of the particle size
on the rock fracturing pressure. Results are shown in Figure 11. With
the increase of the rock particle size, the fracturing pressure of rock
hydraulic fracturing decreases, and the decreasing trend gradually
slows down. From the formula of rock fracture criterion (3.9), it is
found that there is a negative correlation between the fracture pressure
Pb and particle size d. Therefore, as the particle size decreases, the
fracture pressure increases.

7 Conclusion

(1) This study analyzes the pressure-gradient effect of the pore fluid
during the rock fracturing process. Based on the observation of the

FIGURE 10
Influence regularity of the pumped flow rate Qi on the fracture pressure Pb.

FIGURE 11
Influence regularity of the particle size d on the fracture pressure Pb.
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morphology of microcrack zone near the fracture tip, the key
factors are identified and clarified when analyzing the fracture of
the bonding surface of the skeleton particles in the process of
hydraulic fracturing. It shows that the rock is a porous medium
composed of mineral particles and has a certain initial pore
pressure. It is the fracturing that leading to the change of pore
pressure in the front area of the fracture tip, thus producing pore
pressure gradient. Besides, there is a hydrodynamic pressure
(drop) caused by the seepage.

(2) Based on the mesoscopic structure of rock, this paper analyzes the
rock fracturing process when considering the pressure-gradient
effect of the pore fluid. Then, a new fracture criterion of rock
fracturing is built considering the pressure-gradient effect. This
new fracture criterion can reflect the main influence factors,
including the rock particle size, porosity, pumping flow, inner
diameter of open hole section, length of main fracture, height of
main fracture (or length of open hole section), fluid viscosity, pore
pressure, minimum initial geo-stress and rock tensile strength.

(3) The new fracture criterion is examined by the rock fracturing
experiments which consider the pressure-gradient effect. Results
show that the fracture pressure predicted by the traditional
criterion is quite different from the experimental results,
especially the predicted trend. The traditional theory gives an
inversed trend line, which is inconsistent with the experiments. In
contrast, the present fracture criterion provides a satisfied
prediction, including the variation trend and magnitude of the
fracture pressure, which agrees well with the experiments. The
average error is less than 1% when adopting the present fracture
criterion.

(4) The parameter sensitivity of the fracture criterion is analyzed.
Results show that the fracture pressure increases with the rock
porosity and this trend becomes more apparent with a larger
initial pore pressure. It shows that the fracture pressure increases
with the pumped flow rate. Besides, it shows that the fracture
pressure decreases when increasing the particle size of the rock,
but the decreasing trend gradually slows down.
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