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ABSTRACT

To solve the problems of rock strength increase caused by high in-situ stress, the stress release method
with rock slot in the bottom hole by an ultra-high-pressure water jet is proposed. The stress conditions of
bottom hole rock, before and after slotting are analyzed and the stress release mechanism of slotting is
clarified. The results show that the stress release by slotting is due to the coupling of three factors: the
relief of horizontal stress, the stress concentration zone distancing away from the cutting face, and the
increase of pore pressure caused by rock mass expansion; The stress concentration increases the effective
stress of rock along the radial distance from 0.6R to 1R (R is the radius of the well), and the presence of
groove completely releases the stress, it also allows the stress concentration zone to be pushed away
from the cutting face, while significantly lowering the value of stresses in the area the drilling bit acting,
the maximum stress release efficiency can reach 80%. The effect of slotting characteristics on release
efficiency is obvious when the groove location is near the borehole wall. With the increase of groove
depth, the stress release efficiency is significantly increased, and the release range of effective stress is
enlarged along the axial direction. Therefore, the stress release method and results of simulations in this
paper have a guiding significance for best-improving rock-breaking efficiency and further understanding
the technique.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

et al., 2020, Hu et al., 2020a, 2020b, 2020c), the deep hard rocks
become even stronger and less brittle when drilled by conventional

One of the factors affecting the performance of deep drilling
operations is linked to the difficulty of breaking deep rock forma-
tions with an acceptable rate of penetration (ROP). Indeed, when
they are subjected to strong geostatic stresses (due to the weight of
the overlying rock masses and their tectonic deformation history
over geological time) and hydrostatic pressures (due to the weight
of the drilling mud column inside the well being drilled) (Chen
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drill bits (Fig. 1). This behavior, coupled with the abrasiveness and
the natural heterogeneity of the rock matrix, drastically reduces the
efficiency of the drilling process. This strengthening effect consid-
erably increases the time required to carry out the last deep drilling
sections and therefore the associated costs (Black and Judzis, 2004).

The distribution of the bottom-hole stress has been studied by
some scholars (Zhang et al., 2018; Li et al., 2011), and the results
show that bottom-hole stress can be divided into three types
(triaxial tensile area, triaxial compressive area, tensile-compressive
area). With the increase of depth, stresses are concentrated in the
peripheral area of the bottom hole and reach several times the
initial compressive in-situ values.
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Fig. 1. Simplified representation of downhole pressures.

To solve the problems of high rock strength caused by high in-
situ stress, it is mainly achieved by strengthening the outer bit tooth
arrangement (Peng et al., 2006), optimizing the bit structure and
tooth arrangement form (Hu et al., 2020a, 2020b, 2020c; Rhonda
and Duey, 2017), and developing high-temperature and wear-
resistant materials (Pan et al., 2016). In the aspect of improving
the ROP, the new drill bit is mainly developed to change the stress
state of the bottom hole. The maximum ROP of a self-adjusting
dual-diameter PDC bit can be reached up to 70% higher compared
to the conventional PDC bit (Gao et al., 2018; Durrand et al., 2010).
The drilling rate of bionic abnormal shape hilarious diamond bit
increases by 20%. At a certain drilling rate, its service life is more
than twice the conventional PDC bit (Li et al., 2016). The reaming
bottom hole and the collar hole wall of the steps have obvious rock
stress release, good drillability, and help the PDC cutters to break
the rock (Qin et al., 2019). Due to the weight of the drilling fluid
column being decreased, underbalanced drilling alters the stress
state compared with overbalanced drilling, the hydrostatic pres-
sure being decreased, reducing the hold-down effect on cuttings of
drilling fluid, promoting the bottom hole rock fragmentation and
the migration of cuttings out of the bottom hole (Shi et al., 2018;
Rumzan and Schmitt, 2001; Hui et al., 2012).

The auxiliary rock breaking tools mainly include positive
displacement motor (Dong, 2010), turbo drilling technology (Xie
et al., 2011), bit torsional impact generator (Xue et al., 2020; Shi
et al., 2014), high-pressure jet drilling (Wang et al., 2012, 2022),
vertical drilling tool (Ru et al.,, 2012; Wang et al., 2015) et al.. The
high-pressure water jet assisting drilling was widely used in the
field of well drilling engineering because of its good operability and
high rock breaking efficiency (Liu et al., 2020; Liu et al., 2020; Liao
et al., 2020), which can increase the drilling rate by 2—3 times
(Huang et al., 2020; Liao et al., 2015; Huang and Wu, 2019). The
water jet acts alone, producing a free surface, and the reflection of
compressive stress wave on the free surface results in rock cracks,
which improves the rock breaking efficiency (Wang, 2015); The
pressurized fluid is ejected in the rock cracks and expands the
cracks to cause rock fragmentation. Furthermore, the water jet can
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clean the cutter and wash away the rock fragments to prevent
repeated crushing (Chen et al,, 2020). In the aspect of the high-
pressure jet assisting with teeth for rock breaking, the impact of
teeth and jet respectively on rock results in the intersection and
overlap of two groups of stress waves in rock, forming the expan-
sion and intersection of cracks, which leads to the fragmentation of
rock (Meng, 2019).

To sum up, the water jet can improve rock breaking ability by
reducing the temperature and force of cutting tools, improving rock
breaking ability, and prolonging the service life of cutting tools (Li
et al., 2020). However, according to the interaction between the
drill bit and water jet, it is found that the high-pressure water jet
can also release the rock stress and reduce the rock strength.
Therefore, the stress release method of rock slots in the bottom hole
by ultra-high-pressure (UHP) water jet is proposed, and in this
research, the stress release mechanism of rock is clarified. In
addition, a fluid-structure coupling model was established to
analyze the stress release effect of slotting. Finally, the rock strength
function with confining pressure is fitted by the stress-strain
characteristics of rock, and the effect of slotting on the rock
strength is analyzed. This research proposes a method to speed up
deep drilling and the stress release mechanism of bottom hole rock
is clarified, which has a guiding significance for best-improving
rock-breaking efficiency and understanding the technique still
further.

2. Material and methods
2.1. Slotting method

The rock slotting method combines two previously separate,
mature technologies: UHP water jetting and UHP Bit. In-hole pro-
duction of the UHP water jetting using a down-hole pressure
intensifier activated by the drilling vibrations or screw (Liu et al.,
2017; Xie et al., 2011). The UHP Bit mainly consists of cemented
carbide connectors, UHP channels, and UHP nozzles, which are
arranged on the blades of the PDC bit, the high-pressure nozzle will
rotate around the axis of the drill bit. The high-pressure fluid flow
through the nozzle to break the rock, so the annular grooves will be
generated at the bottom hole rock. Fig. 2 shows the slotting prog-
ress induced by water jet.

Intensifier

Well bottom

Fig. 2. Slotting progress induced by water jet.
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When the UHP water jetting is produced by an intensifier, the
rock will be broken, and with the PDC bit rotating, the circumfer-
ential single or multiple grooves will be generated, which depend
on the number of UHP nozzles. The innovation lies in developing a
new principle to 'free' the rock from these high confining stress
concentrations in the local area of mechanical action of the cutters
of the drilling bit, only a few millimeters below the bottom of the
borehole. This will allow the mechanical drilling bit to break the
greatly 'relaxed’ and very weakened rock.

2.2. Stress release mechanism of slotting

The deepening of the drilling operation is always accompanied
by a drastic drop in ROP due to the increase of geostatic stresses
which, coupled with the hydrostatic pressure of the drilling fluid
(mud), induces an increase in the strength and a reduction in
brittleness of the rock. In the active area of the cutters of the drilling
bit, these stresses will increase further because of the geometry of
the hole, which induces a significant increase in rock resistance to
the drilling action, causing a drop-in performance (Chen et al.,
2020). Fig. 3 (where, pp is pore pressure; oy is the overburden;
gy and ¢}, are maximum horizontal crustal stress and minimum
horizontal crustal stress respectively) illustrates the distribution of
the stresses at the bottom hole and shows that these stresses,
increasing with depth, are concentrated in the peripheral area of
the bottom of the well and reach several times the initial
compressive in-situ values, which will be one of the main causes of
the strength of the rock.

There are three functions of the circumferential groove. Firstly,
the circumferential groove cuts off the connection between the
wall and bottom, which interrupts the horizontal stress trans-
mission, and the horizontal crustal stress is converted to the hy-
drostatic pressure of the drilling fluid. Because the hydrostatic
pressure is smaller than the horizontal crustal stress, the stress of
the bit-rock-mud interaction zone is reduced, Fig. 4 shows the
downhole pressures regime with groove.

Secondly, the presence of the groove eliminates the phenome-
non of sharp shape changes at the connection between the wall and
bottom, and the stress concentrations in the local area of me-
chanical action of the cutters of the drilling bit disappeared. It also
allows the stress concentration zone to be pushed away from the
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Fig. 3. Downhole pressures regime without groove.
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Fig. 4. Downhole pressures regime with groove.

Bottom-hole rock

cutting face, while significantly lowering the value of stresses in the
area the drilling bit acting.

Thirdly, because the presence of groove significantly lowers the
value of stresses in the area the drilling bit acting, and causes the
apparent density of the rock to decrease and expand, which results
in further increases in the porosity and permeability of the bottom
hole rock, the pressure is more smoothly transferred to the area the
drilling bit acting.

azgzi&(l,l> 1)
Ap TAp\pm Ph

where, a is coefficient of compressibility, MPa~!; e is void ratio,
which is the ratio of the volume of voids in a solid to the volume of
solid; p is effective in-situ stress, MPa; p, is the density of solid
particles in bottom hole rock, kg/m>; p,, is the initial apparent
density of bottom hole rock, kg/m?; Py 1s the apparent density of
bottom hole rock after effective stress changes, kg/m°.

_Ap 1+ep
=g (2)

Es

where, E;s is the modulus of compression, MPa; Ae is strain incre-
ment; eq is the initial void ratio of bottom hole rock (Sang et al.,
2020).

2.3. Theory for the poroelasticity

2.3.1. Constitutive relations

As overburden is converted to hydrostatic pressure by drilling,
the rock matrix will be deformed. To describe the interaction be-
tween pore fluid and rock matrix, the rock is regarded as poroe-
lasticity material (Biot, 1962; Fjar et al., 2008; Liao et al., 2022):

0=C:¢e— agppl (3)

where, ¢ is Cauchy stress tensor; ¢ is strain tensor; ag is Biot-Willis
coefficient; pp is pore pressure; C is the elasticity matrix; I is the
unit matrix; “:” stands for the double-dot tensor product.

For isotropic linear elastic materials:
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dev(c) =2Ggdev(e) (4)

where, G4 is the shear modulus.
The coupling of pore pressure and volumetric can be described
by the following equation:

(5)

where, kq is the bulk modulus of the porous matrix after drainage;
£yol 1S the bulk strain, pm, is the average stress.

Pm= — kgeyol + Pp

Pm = —trace(s)/3 (6)
The change in pore pressure is as follows:
Pp =M(Z — apeyol) (7)

where, ( is the fluid content; M is the Biot modulus, which is the
reciprocal of the water storage coefficient S:

1 o _ &

_ b0 anf'p
Moy, K

S Ks

(8)

where, ¢p is porosity; K, Ks is the bulk modulus of the fluid and
solid; ap is Biot-Willis coefficient, which can be described by the
following equation:

_OPm Kq

o T K, ®)
2.3.2. Darcy’s law

km a—¢ ¢\ Opp 0
v 77<Vppfp1g>+( Ka +E ﬁJraa—qm (10)

where, ky, is the permeability of the rock skeleton; u is the fluid
viscosity, p; is the fluid density, “k;‘” is the compression term of rock
P

ki
modulus of the rock skeleton and fluid respectively; ¢ is the
porosity; a% is the volumetric strain term; gm is the source sink
term (Cheng, 2011).

skeleton; £ is the compression term of fluid; ka, k is the bulk

2.3.3. Solid deformation

For a solid in an equilibrium state under the condition of gravity
load, there is:
_V'”:pavg:<pf8p +pd)g (11)
where, p,, is the densities of fluid and solid, p; is the densities of
fluid, p4 represent the densities of drained solid, respectively. The

fluid-solid interaction is equivalent to input an additional volu-
metric term (as shown in Eq. (1)) into the stress tensor.

2.3.4. Cross-coupling term

Based on the results of Louis's experiment, cross coupling term
between the above two equations is as follows (Louis, 1974; Wang
et al.,, 2013),
ke =koe %7 (12)
where, kg is the initial permeability coefficient; the effective normal
stress is ¢ = yvH — P, vH is the weight of the overburden; this paper
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assumes that the principal direction of seepage and the principal
direction of stress coincide, then the principal permeability coef-
ficient is,

exp (o) 0 0
[k] = ko 0 exp(Aal,) 0 (13)
0 0 exp(AoL;3)

where, 4 is the influence coefficient; o7, is the effective stress.

2.4. Numerical simulation method

2.4.1. Physical model

It is assumed that the pores are filled with fluid, while well
inclination and temperature are ignored because of the obtained
length of the well. And the influence of drilling fluid gradient is
ignored. The pore pressure gradient is 0.0105 MPa/m. Overburden
gradient is 0.024 MPa/m. Overburden gradient, maximum hori-
zontal crustal stress gradient, and minimum-maximum horizontal
crustal stress are adjacent to each other by 0.002 MPa/m. Table 1
shows the parameters of rock and drilling fluid.

The three-dimensional simulation model of down-hole rock is
established, in which the length of the model is 2400 mm, the
width is 2400 mm and the height is 2000 mm, the wellbore
diameter is 240 mm and its depth is 1200 mm. In the vicinity of the
wall and bottom hole, the mesh elements are finer than the
remainder of the model. The simplified stress condition of deep
rock is as shown in Fig. 5. The overburden is set at the top of the
model, and the maximum horizontal crustal stress and minimum
horizontal crustal stress are set at the surrounding of the model
respectively. At the surrounding of the model and the bottom of the
model is a set roller constraint. Hydrostatic pressure is set to the
wellbore, and good permeability is assumed. The interaction be-
tween hydrostatic pressure and pore pressure is realized.

The simulation process is divided into two steps (Fig. 6), in the
first step, in-situ stress balance is carried out, and the initial stress
field is obtained using the Solid Mechanics Module. The stress field
calculated in the first step is taken as the initial value of the Solid
Mechanics Module in the second step, and then the stress field and
seepage field of the stratum are solved in a modular fashion. The
stress field and seepage field are coupled through a set of cross-
coupling terms. The software COMSOL Multiphysics will convert
the corresponding differential equations to the equivalent weak
integral form and solve the algebraic equations according to the
built-in algorithm to obtain the required stress or seepage field.

Table 1

Parameters of rock samples and drilling fluid.
Items value
Modulus of elasticity, E, Gpa 60
Poisson’s ratio, u 0.25
Permeability coefficient, K, m-s~! 1#10~7
Porosity, &p 0.1
The density of the rock sample, py,, kg-m—3 2600
The bulk modulus of elasticity of rock, Ks, Mpa 60000

Pore fluid density, pf, kg-m~3 1000

Fluid viscosity, ug, Paes 0.01
The bulk modulus of elasticity of fluid, K;, Mpa 3270
Overburden, oy, Mpa 108
Maximum horizontal crustal stress, oy, Mpa 99
Minimum horizontal crustal stress, o},, Mpa 90
Pore pressure, pp, Mpa 47.25
Liquid column pressure, py,, Mpa 50.25
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Fig. 5. Petrophysical model of the rock at bottom-hole.

2.4.2. Boundary conditions

To study the release efficiency of slotting with different groove
structures, the numerical simulation parameters are shown in
Table 2. It is vital to note that, in the process of slotting, the angle of
water jet rotation represents the range of slotting; the depth of
grooves is the distance between the area the drilling bit acting and
the bottom of the groove; the groove width refers to the distance

Petroleum Science 20 (2023) 1828—1842

Table 2
Numerical simulation parameters.

values

5,10, 15, 20, 30, 40
40, 80, 120, 160, 180, 240, 280, 320, 360

Terms

Groove depth, mm
Release evolution of slotting, °

Groove width, mm 2,4,6,8,10, 20
Number of grooves 1,2,3,4,56
Groove Position, mm 0, 20, 40, 60, 80

between the two ends of the groove; in the process of studying the
effect of number of grooves, the grooves are set to be distributed
evenly in radial direction. The length from the shaft wall is used to
study the effect of groove location on release efficiency.

The characteristic of grooves induced by ultra high-pressure
water jet has been studied. When the jet pressure is 150 MPa, the
groove depth can reach 15 mm, and the higher the pressure of the
water jet, the longer the acting time, and the deeper the groove will
be. It is also found that under certain conditions, water jet can
generate a groove with a depth of 50 mm (Xu et al., 2021).

In terms of width, under the condition of a 0.5 mm nozzle
diameter with a standoff distance of 10 times the nozzle diameter,
the groove width can reach 5 mm. Furthermore, in the drilling
process, the nozzle with a diameter of 2 mm will be used, and the
groove is much wider. The annular groove position is representa-
tive of the installation position of the nozzle. The number of
annular grooves represents the number of nozzles, so the simula-
tion parameters are set as the contents in Table 2.

2.4.3. Model verification

With the interaction of maximum horizontal stress, minimum
horizontal stress, overburden rock pressure, and pore pressure, the
effective stress distribution around the linear elastic borehole is
shown as the references (Hu et al.,, 2020a, 2020b, 2020c) and

ST N \ Step1
il Meshigenerated X Equilibrium of in-situ stress
! —— |
i | ‘ Data input and initialization I
i !
il L !
i L Solid Mechanics Module ) Second Piola-Kirchhoff stress tensor
L — ./ I
I

: 1 Statical analysis ’
| Initial stress field !

\ (Pore pressure and stress of rock mass) o/ v

R - Step2
Seepage —solid coupling field calculation
Initial value

Ve R ST o e ~ \

. 1 / :
.'[ Solid mechanics module I [ Differential equations: initial || ‘-
H l I and boundary conditions l !
| |
h { 2 } Il Mathematical || 1 | !
1 - : - ' modeling ! I !
o Multiphysics coupling ! | Stress |,
: I (poroelasticity) | 'I The weak forms of the :" field :
! : I Eq.12 & Eq.13 : governing equations ! :
| 1
g -m | | )
| | I =LI= | |
| ‘\‘ Darcy’s law module l/ b Algebraic equations \/ I
l\ ~ - ~ - /

Fig. 6. Flow chart of numerical calculation.
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(Charlez, 1997):

5o (1) (1 E) ) (1 3R 4R

RZ
+r4 2 c0520+r—2ph

2 r2 2
—agPp
(14)
oy +0 R? oy — 0 3R4 R?
00:(HZh)<l+r2> +w <1+r4>c0520r2
— agPp
(15)
R\ 2
azav—,u{z(ol.[—ah)(r) cosZH} — apPp (16)

where, ag is independent of fluid properties, but it depends on the
properties of the porous matrix. For the softer porous matrix, the
value of ag is close to 1, whereas, the value of ap for the harder
matrix is close to the value of porosity. r is the radius in polar form,
f is the angle in polar coordinate; R is the borehole radius; u is the
Poisson’s ratio.

Fig. 7 plots the stress around the borehole. The radial effective
stress and hoop effective stress gradually approach the in-situ stress
with the radial distance exceeding 5R, and the axial effective stress
remains constant. The variation tendency of the numerical results
and the analytical results are consistent, and the difference be-
tween the two is small, which indicates that the model is accurate,
and that the simulation method has high reliability in analyzing the
stress release characteristics.

3. Results and discussion
3.1. Pore pressure distribution

Fig. 8 compares pore pressure distributions before and after
slotting. There is a pressure difference between hydrostatic pres-
sure and pore pressure, and fluid displacement will occur between
the drilling fluid and pore fluid. There is a pore pressure gradient in
the rock, and the value of pore pressure near the borehole wall is

130
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——— 0_ effective stress (numerical)
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50 <& 0_ effective stress (numerical)
<

Mean effective stress, MPa
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R

Fig. 7. Model verification.
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equal to the hydrostatic pressure, but as the radial distance in-
creases, the pore pressure in the rock gradually returns to the
original pore pressure in the formation. Comparing the distribution
of pore pressure before and after slotting, the presence of the
groove increases the pore pressure and expands the influence range
of drilling fluid pressure on pore pressure. According to the effec-
tive stress formula Eq. (17), increasing pore pressure can reduce the
effective stress of rock (Hu et al., 2020a, 2020b, 2020c).

Oeij = 268ij -+ /1196” — OZB(Siij (17)

where, gj; is the effective stress, MPa; ¢ is the strain tensor; 4 is
lame constant; ¢ is volumetric strain; 6;; is the Kronecher function.

3.2. Dynamic evolution of effective stress during drilling

To study the dynamic evolution of effective stress during dril-
ling, the single groove with a width of 2 mm and a depth of 20 mm
is set at the junction between the borehole and the wall. Fig. 9 plots
the dynamic evolution of bottom-hole stress during drilling. When
the target point is 2.5R away from the bottom-hole at the borehole
axis line, the effective radial stress is consistent with the in-situ
stress, and the drilling does not affect the effective radial stress of
the rock exceeding the range of 2.5R. As the depth increases with
drilling, the radial effective stress at the borehole axial line present
firstly increases and then decreases, the reason for this phenome-
non is that, in the range of 0.9R—2.5R, the radial effective stress is
affected by the stress concentration in the peripheral bottom-hole
area, and with the increase of depth by drilling the distance be-
tween target point to the area of stress concentration is shortened.
While, when the axial distance is less than 0.9R, as the depth in-
creases further, the effective stress gradually decreases, which is
due to the decrease of overburden pressure and the increase of pore
pressure. Because of the stress concentration in the peripheral
bottom-hole area, the rock at the target point of the borehole axis
line will appear to be loaded firstly (the radial effective stress of the
rock increases by 5%) and then unloaded (the radial effective stress
of the rock decreases by 25%).

When the axial distance is exceeding 0.3R from the target point
in the peripheral bottom-hole area (0.9R—1R). With the increase of
axial distance, the radial effective stress gradually decreases from
the original radial effective stress. While, when the axial distance is
less than 0.3R, because of stress concentration, the radial effective
stress of bottom hole rock sharply increases as the axial distance
decreases, and the radial effective stress value is about 5 times the
in-situ stress in the peripheral bottom-hole area. Therefore, the
main reason for the increase in the stress of deep well bottom rock
is not only the increase of in-situ stress and hydrostatic column
pressure but also the stress concentrations local area of mechanical
action of the cutters of the drilling bit.

Caused by drilling a sharp change of shape around the wellbore,
thus the stress concentration around the bottom hole is generated,
causing a sharp increase of stress, and stress will be diffused to the
far field area in the form of stress bubble. The stress increases closer
to the stress concentration area, and with the increase of distance,
the stress diffusion will decrease, so the stress will be localized.

3.3. Effective stress distribution before and after slotting

Figs.10 and 11 show the distribution of hoop effective stress and
radial effective stress along the radial direction. When the deep
rock is without a groove, the radial effective stress and the hoop
effective stress increase with the increase of the axial distance. The
reason for this phenomenon can be concluded that, as the axial
distance increases, the stress release effect caused by the drilling
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Fig. 10. Hoop effective stress distribution.
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Fig. 11. Radial effective stress distribution.

decreases. When the radial distance is in the range of 0—0.6R, with
the increase of radial distance the effective stress is relatively sta-
ble, but exceeds 0.6R, with the increase of radial distance the
effective stress increase, and the closer the area the drilling bit
acting, the greater the effective stress is. In other words, the phe-
nomenon of stress concentration will increase the effective stress of
rock at the radial distancing 0.6R—1R.

After slotting, the radial effective stress and hoop effective stress
both show a trend of increasing with the axial distance, and when
the axial distance is 20 mm, the effective stress increase sharply.
This is because the depth of the groove is 20 mm, and a new stress
concentration phenomenon occurs in the bottom area of the
groove. When the axial distance is 10 mm, the effective stress is
relatively stable in the range of 0.85R. When it exceeds 0.85R, the
effective stress begins to decrease. The reason for this phenomenon
is that when the axial distance is 10 mm, the influence of stress
concentration at the sharp corners of both ends is small, and the
pore pressure increases significantly near the drilling fluid. When
the axial distance is 0 mm, the effective stress is relatively stable in
the range of 0—0.6R, while in the range of 0.6R—0.85R, it decreases,
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and suddenly increases when it exceeds 0.85R. This is because after
grooving, a new stress concentration will be generated in the area
the drilling bit acting, resulting in the stress increase of the local
area of mechanical action of the cutters on the drilling bit.

Comparing the distribution of effective stress before and after
grooving, it can be found that the slotting can reduce the hoop
effective stress and the radial effective stress, and the distribution
characteristics of the two are similar, because there are only dif-
ferences in values. Therefore, the stress release characteristics of
radial effective stress are analyzed in this paper.

Fig. 12 shows the distribution of axial effective stress before and
after the slotting. Within the scope of the study, in the range of
0—0.6R, the axial effective stress is not affected by the axial dis-
tance. But when the radial distance is exceeding 0.6R in the axial
distance of 20 mm before the slotting, as the radial distance in-
creases the axial effective stress shows a gradually increasing trend.
The greater the axial distance, the more obvious the increase in the
axial effective stress. The reason for this phenomenon is that the
distribution of the effective stress decreases from the stress con-
centration area along the axial direction, while the range of influ-
ence is constantly expanding. After slotting, in the range of 0—0.9R,
the axial effective stress of rock does not change with the axial
distance increasing. But exceeding 0.9R, the axial effective stress
decreases with the radial distance increasing. It is worth noting that
the stress concentration occurs at the area with an axial distance of
20 mm due to slotting, which leads to a sharp increase in axial
effective stress.

3.4. Effective stress release evolution during slotting

To study the stress release effectiveness (the definition of stress
release efficiency refers to the ratio of stress after slotting to stress
before slotting) of the bottom hole rock during slotting, the angle
rotated by the UHP water jet represents the range of grooving, in
which 0 represents the state without groove and 360° represents
the complete formation of the circumferential groove in the bottom
hole rock.

Fig. 13 compares the stress release efficiency with different
angles at the borehole axial line. The radial effective stress release
efficiency of rock is the highest in the area of the drilling bit acting,
and the release efficiency decreases with the increase of the axial
distance, and finally decreases to 0. It must be pointed out that the
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Fig. 12. Axial effective stress distribution.
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radial effective stress release range at the borehole axis line in-
creases with the expansion of the slotting range.

The radial effective stress release efficiency increases with the
expansion of the slotting range. When the rotation angle of the jet
is less than 200°, the radial effective stress release efficiency in-
creases slowly. While the rotation angle is 200°, the release effi-
ciency increases sharply. This is because the hydrostatic pressures
replace the effect of horizontal crustal stress on bottom hole rock at
both ends. As the slotting range further increases, the stress release
efficiency shows a trend of slow growth again. After completely
cutting off the connection of the wall and bottom hole, the stress on
the bottom hole rock is completely converted from horizontal
crustal stress to hydrostatic pressures, and the phenomenon of
local stress rise caused by stress concentration is eliminated so that
the stress release efficiency of bottom hole rock increases sharply.

Fig. 14 shows the axial effective stress release efficiency with
different angles at the borehole axial line. In the range of 0—0.7R,
the axial effective stress release efficiency shows a trend of sharply
increasing with the increase of the axial distance. However, when
the axial distance is greater than 0.7R, with the increase of the axial
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Fig. 14. Axial effective stress release efficiency at borehole axial line.
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distance, the axial effective stress release efficiency decreases
sharply at first and then slowly. The expansion of the slotting range
significantly increases the release efficiency of axial effective stress
and enlarges the stress release range of axial effective stress. The
axial effective stress release efficiency is hardly affected by the
range of groove in the area the drilling bit acting and shows a slight
increase with the expansion of the slotting range.

Fig. 15 shows the radial effective stress release efficiency at a
radial distance. When the slotting range is less than 200°, the stress
release efficiency is small, and decreases with the increase of radial
distance. While the slotting range increases to 200°, the bi-
directional compression of horizontal crustal stress on bottom
hole rock is eliminated, and the radial effective stress release effi-
ciency increases sharply. The groove changes the shape of the
bottom hole, and it also allows the stress concentration zone to be
pushed away from the cutting face. Therefore, with the increase of
radial distance, the radial effective stress release efficiency keeps
increasing. At the beginning of slotting, the stress at the grooving
position will first decrease, and the release range will also increase
with the expansion of the groove range. Therefore, the radial
effective stress release efficiency in the area the drilling bit acting
presents a trend of increasing.

3.5. Effect of groove structure on stress release efficiency

3.5.1. Effect of groove depth on stress release efficiency

Fig. 16 shows the radial effective stress release efficiency at the
borehole axial line. The radial effective stress release efficiency is
the largest in the area of the drilling bit acting, the release efficiency
decreases with the increase of axial distance. The stress range and
stress release efficiency of rock at the borehole axis line increase
with the increase of groove depth. The main reason for this phe-
nomenon is that the groove 'free' the rock from high horizontal
crustal stress in the local area of mechanical action of the cutters of
the drilling bit, causing the apparent density of the bottom hole
rock to decrease and expand. And this results in further increases in
the porosity and permeability of the bottom hole rock, and the
pressure is more smoothly transferred to the area the drilling bit
acting.

Moreover, the area of the drilling bit is acting far away from the
stress concentration area, which further decreases the effective
stress of the bottom hole rock. The reason for this phenomenon can
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Fig. 15. Radial effective stress release efficiency at borehole radial line.
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Fig. 16. Radial effective stress release efficiency at borehole axial line.

be explained by Saint Venant’s Principle: if the plane stress on the
boundary of a small part of a body is transformed into statically
equivalent plane stress with a different distribution, then the stress
component in the vicinity will change significantly, and the stress
will decrease with distance, but the effect at distance is negligible.
Therefore, the effective stress decreases as the area of the drilling
bit acting is far away from the stress concentration area.

Fig. 17 shows the axial effective stress release efficiency at
borehole axis line with groove depth. There is almost no release
effect in the area the drilling bit acting with groove depth
increasing. With the increase of axial distance, stress release effi-
ciency firstly increases rapidly and then decreases slowly. With the
increase of groove depth, the release efficiency of axial effective
stress is significantly increased and the stress release range of axial
effective stress is enlarged.

Fig. 18 shows the radial effective stress release efficiency alone
the radial director with groove depth. When the groove depth is
less than 15 mm, with the increase of radial distance the radial
effective stress release efficiency increases slowly at first, and then
increases sharply when it is close to the peripheral area of the
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Fig. 17. Axial effective stress release efficiency at borehole axial line.
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Fig. 18. Radial effective stress release efficiency at borehole radial line.

bottom-hole. When the groove depth is greater than 15 mm, with
the increase of radial distance, the effective stress release efficiency
first shows a slow increase, then gradually decreases, and finally
increases rapidly.

Overall, groove depth has a great effect on stress release effi-
ciency in the area the drilling bit acting. In the borehole axial line,
the radial effective stress efficiency of rock in the area the drilling
bit acting increases rapidly with the increase of groove depth.
However, the release efficiency is less affected by grooving depth in
the area peripheral area of the bottom-hole, and the stress release
efficiency is about 80%. This is because with the increase of
grooving depth, the effect of stress concentration on the peripheral
area of the bottom-hole decreases, which reduces the stress in the
area the drilling bit acting and increases the stress release effi-
ciency. In addition, after slotting, the effective stress approaches to
about 45 MPa, due to the action of drilling fluid, and the calculation
formula is as follows:

0':Ph—OéBPh (18)

3.5.2. Effect of groove position on stress release efficiency

Fig. 19 compares the radial effective stress release efficiency
with the grooving position, as the groove position moves towards
the axis of the borehole, the stress release range decreases at the
borehole axial line. The distance between the grooving position and
the borehole wall is exceeding 40 mm, and the radial effective
stress will be increased, the reason for this phenomenon can be
concluded that the distance between the groove and the borehole
axial line is closer, so the stress concentration caused by slotting
increases the radial effective stress at the borehole axial line. The
distance between the groove position and the borehole wall is
20 mm. The axial effective stress release efficiency of rock in the
area the drilling bit acting at the shaft axis is the minimum, and the
radial effective stress release efficiency of rock in the area the
drilling bit acting will increase with the inward migration of the
groove position.

Fig. 20 shows the axial effective stress release efficiency with the
groove position. The stress release range and stress release effi-
ciency of axial effective stress are the largest when the groove is in
the borehole wall and decreases with the inward migration of the
groove position at the borehole axial line.
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Fig. 20. Axial effective stress release efficiency at borehole axial line.

Fig. 21 shows the radial effective stress release efficiency along
the radial direction. When the groove is located in the borehole
wall, the radial effective stress release efficiency increases with the
increase of radial distance. As groove position moving inward, the
stress release efficiency increases in the inner region of the groove
with the increase of radial distance, and reaches the maximum at
the groove. While, with a further increase of the radial distance, the
release efficiency decreases in the area the drilling bit acting. The
closer the groove position is to the borehole axial line, the lower the
release efficiency is, and even leads to increase of the stress con-
centration in the peripheral area of the bottom-hole. The reason for
this phenomenon can be concluded that, when the groove is not
located in the borehole wall, the stress concentration is still existing
in the peripheral area of the bottom-hole, and the stress concen-
tration gets more obvious as being closer to the borehole wall.

3.5.3. Effect of number of grooves on stress release efficiency

Fig. 22 shows the axial effective stress release efficiency with the
number of grooves alone borehole axial line. In the axial range of
0—0.3R, the increase of the number of grooves can improve the
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Fig. 22. Radial effective stress release efficiency at borehole axial line.

radial effective stress release efficiency. While the number of
grooves is more than 2, the radial effective stress release efficiency
along the borehole axis is hardly affected by the number of grooves,
and the release efficiency decrease with the increase of axial dis-
tance. When the axial distance exceeds 0.3R, the release efficiency
of grooves is not affected by the number of grooves, and the release
efficiency goes to zero in where the axial distance is 1R.

Fig. 23 shows the radial effective stress release efficiency along
the radial director in the area the drilling bit acting. The release
efficiency increases first and then decreases with the number of
grooves increasing. When the number of grooves is 1, the release
efficiency is the lowest in the radial range of 0.6R. When the radial
distance exceeds 0.6R and the number of grooves is 5, the stress
release efficiency is the lowest. When the number of grooves is 3,
the stress release efficiency is the highest. Although the increase in
the number of grooves improves the effective stress release effi-
ciency, it intensifies the fluctuation of the release efficiency curve
and does not show a trend of continuous increase when there is a
single groove. This is because the increase in the number of grooves
will regenerate the stress concentration at the bottom of the
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Fig. 23. Radial effective stress release efficiency at borehole radial line.

groove. Since the release efficiency of axial effective stress is hardly
affected by the number of grooves, it is not discussed here.

3.5.4. Effect of groove width on stress release efficiency

To study the effect of groove width on release efficiency, the area
where the drilling bit acting was selected to analyze the radial
effective stress and hoop effective stress, and 0.8 mm away from the
area where the drilling bit acting was selected to analyze the axial
effective stress. Table 3 shows the effective stress release efficiency
with groove width. It is not difficult to find out that the groove
width has little influence on effective stress release efficiency. With
the increase of groove width, effective stress release efficiency
slightly increases. This is because the increase in the width of the
groove reduces the distance between the drilling fluid and the
borehole axial line, and the pore pressure increases at the borehole
axial line, thus reducing the effective stress of the rock.

3.5.5. Effect of groove on compressive strength

Fig. 24 shows the comprehensive test system for high-
temperature and high-pressure rock (Type: RTR-2000). The sys-
tem uses an LVDT sensor to measure the strain of the specimen, its
range is +1.25 mm, the accuracy is 0.25%, the maximum test tem-
perature is 200 °C, the maximum vertical working pressure is
2500 kN, the maximum horizontal principal stress can be applied is
80 MPa. The rock sample is Luhui granite with a cylinder size of
50 mmx 100 mm. The experimental system and rock specimen are
shown in Fig. 24.

The stress-strain relationship of the rock under confining pres-
sures of 5,10, 20, 30, 50 and 75 MPa was tested respectively, and the
peak pressure was taken as the compressive strength of rock. The
values of compressive strength and confining pressure of granite
under different confining pressures were intercepted to make the
scatter diagram as shown in Fig. 25.

Table 3
Effect of groove width on stress release efficiency.

Stress release efficiency, % Groove width, mm

2 4 6 8 10 15 20
Radial 3126 31.35 3145 31.63 31.84 3230 32.80
Hoop 30.86 30.98 31.00 31.12 31.17 3141 31.72
Axial 1343 13.82 1469 1474 1553 1645 16.95
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Fig. 24. Rock mechanics experimental system.
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Fig. 25. The compressive strength with confining pressure.

The relationship between granite compressive strength and
confining pressure was obtained by power function fitting, and the
fitting degree was 0.9973. The fitting curve is as follows:

y=144.35 x (14 x)°-389 (19)
where, y is the compressive strength, MPa; x is the confining
pressure, MPa.

In order to study the effect of slotting on rock compressive
strength, the formula above are embedded into the software by the
secondary development technology of numerical simulate soft-
ware, and the relationship between strength and depth of grooves
is analyzed by taking the depth of grooves as an example. Fig. 26
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shows the compressive strength distribution, due to the effective-
ness of horizontal crustal stress, hydrostatic pressures, and high
confining stress concentrations in the local area of mechanical ac-
tion of the cutters of the drilling bit, the compressive strength of
rock is significant without a groove. When it starts to slot, the hy-
drostatic pressures replace the effect of horizontal crustal stress on
the bottom hole rock at both ends. While, the effective stress in-
crease caused by stress concentration still exists, so the release
effect of strength is small. With the increasing of grooving depth,
the distance between mechanical action of the cutters of the dril-
ling bit and stress concentration area of groove increases, and the
influence of stress concentration phenomenon on the rock in
machine-rock action area decreases.

At the borehole axial line, the compressive strength is less than
other areas without slotting, while, the compressive strength is
higher than other areas after slotting. But, when the groove depth is
exceeding 20 mm, the compressive strength at the area of the
borehole axial line is the smallest in the mechanized rock action
area. The reason for this phenomenon is that the groove depth is
small, while the effectiveness of stress concentration is great, and
the effectiveness of the stress concentration phenomenon in the
machine-rock action area decreases with the increase of groove
depth. In addition, with the increase of grooving depth, rock
expansion increases in the mechanized rock action area, resulting
in the apparent density of the bottom hole rock to decrease and
expand and increase in the pore pressure, thus reducing the
compressive strength of the rock in the mechanical action of the
cutters of the drilling bit.

To illustrate the expanding characteristic of rock, Fig. 27 shows
the volumetric strain with groove depth, the negative value rep-
resents the rock is compressed, and the volume decrease. The
positive value represents the rock expansion. As can be seen from
this picture, the phenomenon of rock expand are both appeared in
the bottom hole and the borehole wall, and the bottom hole rock
expansion is greater than the borehole wall, which is caused by
overburden decreases in the action area of the drilling bit. As the
increase of groove depth, the rock expansion becomes more
obvious, and the expansion of rock stars from the slot position, and
with the increase of the depth of the groove, the expansion range of
rock gradually expands. This is because the increase of groove
depth makes the stress concentration area away from the area the
drilling bit acting, which reduces the compression effect of the
stress concentration area on the rock. Due to the compression effect
of stress concentration on rock, the volume of rock decreases
rapidly in the area of stress concentration.

Rock expansion results in a decrease in the apparent density of
bottom hole rock, which results in further increases in the porosity
and permeability of the bottom hole rock, the pressure is more
smoothly transferred to the area the drilling bit acting, causing the
effective stress of the bottom hole rock is further reduced.

4. Conclusions

The stress release mechanism of rock is clarified: i. The annular
groove cutting off the connection of wall and bottom, leading to
interrupts the horizontal stresses transmission; ii. The groove al-
lows the stress concentration zone to be pushed away from the
cutting face, while significantly lowering the value of stresses in the
area the drilling bit acting. iii. The value of stresses decreases, which
causing the apparent density of the bottom hole rock to decrease
and expand, and further increases in the pore pressure.

The main reason for the increase in the stress of deep well
bottom rock are not only the increase of in-situ stress and hydro-
static pressure but also the stress concentrations local area of me-
chanical action of the cutters of the drilling bit (in the range of
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0.6R ~ R along the radial distance). At the beginning of slotting, the
stress at the grooving area will decrease, and the release range will
also increase with the expansion of the groove range. After
completely cutting off the connection of the wall and bottom hole
the stress release efficiency increases sharply.

With the increase of groove depth, the release efficiency is
significantly increased and the stress release range is enlarged. The
stress release range and stress release efficiency are the largest
when the groove is in the borehole wall and decrease with the
inward migration of the grooving area at the borehole radial di-
rector. Although the increase in the number of grooves improves
the stress release efficiency, it intensifies the fluctuation of the
release efficiency curve, the number of grooves is 3, the stress
release efficiency is the highest. The release efficiency is hardly
affected by groove width.

Calculating the compressive strength function, the strength
condition of the rock at the bottom hole with different groove
depths is analyzed. With the increase of grooving depth, rock
expansion increases in the mechanized rock action area, resulting
in the apparent density of the bottom hole rock decreasing and
expand, and increase in the pore pressure, thus reducing the
compressive strength of rock.
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