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Abstract: The granite buried hill gas reservoir in YL area of Qiongdongnan basin faces a serious
problem of solid production, which seriously affects gas well production and reduces economic
benefits; however, the solid production mechanism of fractured granite reservoirs is still unclear. In
this study, the reasons for solid production were revealed and the mechanism was clarified based on
the analysis of geological and mechanical characteristics of the granite buried hill reservoir. The solid
production of fractured granite reservoirs can be divided into three modes, those being shedding
of fracture filling and solid particles on the fracture wall, shear slip failure along the fracture, and
shear failure of granite matrix. Take the YL area in the Qiongdongnan Basin as an example, the solid
production of fractured granite reservoirs is mainly based on shedding of fracture filling and solid
particles on the fracture wall and shear slip failure along the fracture, the possibility of shear failure of
granite matrix is less. In addition, the closer the wellbore, the greater the risk of shedding of fracture
filling and solid particles on the fracture wall. The high-angle fractures have a greater risk of shear
slip failure. In addition, the direction of the minimum horizontal principal stress is higher risk of
solid production. The research provides the basis and foundation for safe and efficient development
of fractured granite reservoirs and for later measure selection and optimization.

Keywords: granite buried hill reservoir; fractured reservoir; solid production; fracture filling; shear
slip; fracture

1. Introduction

Since the definition of buried hill reservoir was introduced, a large number of buried
hill oil and gas reservoirs have been explored and discovered, at present, large granite oil
and gas reservoirs have been discovered in Vietnam, Libya, Venezuela, India and China’s
Bohai Basin [1–4], and their potential has attracted the attention of petroleum geologists
around the world as various large granitic buried hill oil and gas reservoirs have achieved
good development results. In recent years, as deepwater exploration in the north of the
South China Sea continued to deepen, a high-quality granite buried hill gas reservoir was
drilled and encountered in the YL area of the Qiongdongnan basin, resulting in a million
cubic meters of high-quality gas production, creating a new record for buried hill gas testing
capacity in China’s seas [5,6]. However, the field faces more serious solids production
problems, which seriously affects gas well production and reduces economic efficiency.

The solid production of gas wells will easily cause problems such as erosion of gas
production equipment, sand stuck of downhole tools and blockage of valves, which will
lead to sand accumulation in the wellbore, sand plugging of the reservoir, and a significant
decrease in gas production of gas wells, thus affecting the development benefits of gas
fields [7,8]. Early studies on the mechanism of solids production were limited to mechanical
damage of reservoir rocks [9–11]; next, Vardoulakis et al. [12] proposed that solid production
is related to the hydrodynamic instability controlled by both surface and internal fluids.
Later, the solid production process is commonly described by scholars as two stages, the
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initial stage is the stress equilibrium state of the rock surrounding the wellbore is broken,
when the stress between the rock skeleton particles exceeds the tensile, compressive or shear
strength of the rock itself, the formation rock undergoes mechanical destabilization and
local damage, and the second stage is the damaged material is transported to the wellbore
with fluid flow, causing substantial solid production from the formation [13–15]. The factors
influencing the solid production can be summarized into four main classes: structural
strength properties of reservoir rocks, physical properties and flow status of formation
fluid, in-situ stress status and mining measures [16–19]. For gas reservoirs, studies by
scholars have shown that reservoir characteristics are intrinsic to solid production in gas
wells, and that solid production is more likely to occur in reservoirs with shallow burial
and loose formations [20–23]. Gas flow rate in porous media is another major influencing
factor for reservoir solid production, and the near-wellbore region of high-production gas
wells generates a strong turbulent flow effect, which is one of the main factors causing
solid production from the formation [23–25]. In addition, reservoir pressure depletion, high
production pressure differential, water breakthrough, and frequent changes in work regime
can also cause or aggravate the solid production [22,23,26,27].

However, these studies on solid production mainly focus on sandstone reservoirs, the
characteristics of buried hill reservoirs are very different from sandstone [28–30], firstly, the
composition of granite reservoir is different from that of sandstone, then granite matrix
with greater strength, and granite reservoir with diverse storage space and more developed
fractures. Studies have shown that the presence of fractures reduces reservoir strength
and aggravates solid production [31–35], but the solid production mechanism of fractured
granite reservoirs is still unclear and needs further study. To this end, the granite buried
hill reservoir in the YL area of the Qiongdongnan Basin was used as an example to expose
the reasons for solid production and clarify the mechanism. The research provides the basis
and foundation for safe and efficient development of fractured granite reservoirs and for
later measure selection and optimization.

2. Characteristics of Granite Reservoirs in YL Area of Qiongdongnan Basin

As shown in Figure 1, the results of granite reservoir composition slice microscopic
identification in YL area of Qiongdongnan basin show that its main components are quartz
(Qtz), plagioclase (Pl), amphibole (Am), biotite (Bt), etc., the high content of dark min-
erals proves that it is easily weathered and dissolved, which facilitates the formation of
fractures and secondary dissolution. As shown in Figure 1, the quartz is mostly allotriomor-
phic granular, filled between the feldspar grains, and most of them contain crisscrossing
irregular cracks due to the sudden cooling of the magma. The plagioclase is mostly hypid-
iotopic plate and granular, with varying degrees of claying and carbonation on the surface.
The amphibole is mostly green, hypidiotopic-idiomorphic columnar, the biotite is mostly
allotriomorphic-hypidiotopic plate, they are all partly transformed chloritic alteration.

According to previous study, the reservoir space of granite buried hill reservoir in
YL area of Qiongdongnan Basin mainly includes dissolution pores and fractures [36,37].
The dissolution pores are mostly formed by the dissolution of minerals along the fractures,
mainly due to the mineral particles in the rock were cut by fractures caused by the tectonic
action, and partially or completely dissolved by fluids along the fractures at a later stage [37].
The fractures are mainly formed by tectonic stress during the formation of the granite buried
hill reservoir, and are expanded and modified by dissolution at a later stage [36,37]. In
addition, the fractures are mostly partially or completely filled with calcite, mica and
iron, etc., and the unfilled fractures are less [37]. As shown in Figure 2a,b, there are clear
fractures observed in typical core photographs and most are filled with calcite and mud,
etc., the slice microscopic in Figure 2c also show that the granite reservoir in YL area is
fracture developed.
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Figure 2. The typical core photographs and slice microscopic. (a,b) The core photographs, fracture
developed, be partially filled; (c) Slice microscopic, fracture developed.

In order to analyze the influence of fractures on the solid production of granite reser-
voir, the influence of fracture on the mechanical properties of granite was firstly investigated.
The PCF discrete element triaxial compression and Brazilian splitting simulation experi-
ments were conducted on granite samples with prefabricated fractures at different angles
due to there are multi-angle fractures in the reservoir.

The size of triaxial compression experimental model was a standard core sample with
radius r = 25 mm and height h = 100 mm, and a single prefabricated fracture is added to the
experimental model, the length of the fracture is 20 mm and the angles are 0◦, 30◦, 60◦, and
90◦, respectively. After simulated by triaxial compression experiments, the failure character-
istics of the rock samples are shown in Table 1, and the complete stress-strain curves and the
number of cracks are shown in Figure 3. When there is no prefabricated fracture, the rock
sample reaches the compressive strength of 158 MPa, forming a macroscopic failure plane,
with the main failure plane developing at an approximate angle of 60◦ to the horizontal
plane, the overall number of cracks is larger, and the micro-cracks are dominated by tensile
cracks. As shown in Figure 3a, when prefabricated fracture is present, the compressive
strength is lower than that of the sample without fracture, and the compressive strength
decreases as the prefabricated fracture angle increases. The lowest compressive strength is
70.8 MPa when 0◦ fracture is present, which is 45% lower than that of the sample without
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fracture. The microcracks develop earlier in the samples with prefabricated fracture, as
shown in Figure 3b, the microcracks started to develop at 0.1% strain for the sample with
0◦ prefabricated fracture, and at 0.2% strain for the sample without prefabricated fracture.

Table 1. The failure characteristics of granite by triaxial compression simulation.

The Angle of
Pefabricated

Fracture

No Prefabricated
Fracture 0◦ 30◦ 60◦ 90◦

Experimental
model
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The size of the Brazilian splitting experimental model was a standard core sample
with radius r = 25 mm and thickness h = 25 mm, and two prefabricated fractures were
added to the experimental model, the length of both fractures is 10 mm and the angles are
0◦, 30◦, 60◦ and 90◦, respectively. After simulation by Brazilian splitting experiment, the
failure forms of the rock samples are shown in Table 2, and the stress-strain curves and
the number of cracks are shown in Figure 4. When there is no prefabricated fracture, the
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rock sample reaches a tensile strength of 24.64 MPa, the main failure plane of the sample is
relatively flat and is vertically to the wall, and the microcracks are mainly tensile cracks. As
shown in Figure 4a, when there are prefabricated fractures, the tensile strength is lower
than that of the samples without fractures, and the tensile strength first decreases and then
increases as the prefabricated fracture angle increases. The lowest tensile strength was
12.41 MPa in the sample with 30◦ fractures, which was 50% lower than that of the samples
without fracture. The microcracks develop earlier when there are prefabricated fractures,
as shown in Figure 4b, the microcracks started to develop at 0.35% strain for the sample
with 30◦ fractures, and at 0.45% strain for the sample without prefabricated fracture.

Table 2. The failure characteristics of granite by Brazilian splitting simulation.

The Angle of
Pefabricated

Fracture

No Prefabricated
Fracture 0◦ 30◦ 60◦ 90◦

Experimental
model
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Figure 4. (a) The stress-strain curves and (b) the number of cracks of prefabricated fracture samples
with different angles under Brazilian splitting.

In summary, the existence of fractures will reduce both the compressive strength
and tensile strength of granite, and make microfractures develop earlier and rock sample
failure easier.

3. Solid Production Model and Evaluation Method for Fractured Granite Reservoirs

According to the characteristics of granite buried hill reservoir in YL area of Qiong-
dongnan basin and the influence of fractures on the strength properties of the reservoir, as
well as scholars’ research on the solid production of fractured dense sandstone [31–35], the
mode of solid production of granite buried hill reservoir can be divided into three modes:
shedding of fracture filling and solid particles on the fracture wall, shear slip failure along
the fracture, and shear failure of granite matrix.



Processes 2022, 10, 2556 6 of 15

3.1. Shedding of Fracture Filling and Solid Particles on the Fracture Wall

As shown in Figure 2, the fractures in the granite buried hill reservoir in the YL area
are developed and mostly partially or completely filled with calcite and mud, etc. These
fillings and the loose solid particles at the fracture wall have a weak cementation with the
matrix rock, and when the gas flows in the fracture at high speed, it exerts a drag force
on them. When the drag force exceeds their adhesion force, i.e., the gas flow rate in the
fracture of a high-production gas well exceeds the threshold flow rate, the solid particles
will be broken under the action of the drag force, leading to the shedding of fracture filling
and solid particles on the fracture wall. The shed solid particles are transported with the
fluid in the fracture, continuously hitting and flaking the wall, further promoting more
solid particles to be shedding and forming solid production [34,35]. The closer the wellbore,
the greater the flow rate of gas, and the greater the risk of shedding of fracture filling and
solid particles on the fracture wall. If we can ensure that the solid particles on the fracture
wall near the wellbore are not shed, the solid particles on the fracture wall in the reservoir
are also less likely to be shed.

The cores of YL area in Qiongdongnan basin were selected and the high-speed gas
injection experiments were conducted after fracturing by Brazilian splitting method. Where,
N2 with a purity of 99.9% is used for the gas injection. The injection rate is 100 mL/min. By
testing the height of the contour line of the fracture wall before and after the experiment,
it was found that the contour line of the fracture wall was significantly reduced, which
indicated that the fracture wall under gas drag stress occurred obvious solid particle
shedding, as shown in Figure 5.
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3.2. Shear Slip Failure along the Fracture

The fractures are developed in granite reservoirs in the YL area of the Qiongdongnan
Basin, and the existence of fractures will reduce both the compressive strength and tensile
strength of granite, as shown in Figures 2–4. If the production or testing pressure difference
is too large, the granite reservoir will easily failure, and then the fractures will gradually
expand and connect to form solid small pieces, that will be transported to the wellbore
with gas flow.

When analyzing the stress on the fracture plane, the well bore right angle coordinate
system, the in-situ stress coordinate system, and the fracture plane coordinate system do
not coincide with the global coordinate system, so the conversion between coordinate
systems is necessary. The in-situ stress coordinate system and fracture plane coordinate
system are first converted into the well bore right angle coordinate system, then the well
bore right angle coordinate system is converted into the column coordinate system, and
finally the failure is judged according to the rock stress state around the fracture combined
with the strength criterion. Define the following coordinate systems: (1) global coordinate
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system (Xe, Ye, Ze); (2) in-situ stress coordinate system (XS, YS, ZS); (3) fracture plane coordi-
nate system (XW , YW , ZW); (4) well bore right angle coordinate system (Xb, Yb, Zb); (5) well
bore column coordinate system (r, θ).

Figure 6 represents the relationship between the global coordinate system and the
in-situ stress coordinate system. In the global coordinate system, Xe points to direct north,
Ye to direct west, and Ze to direct vertical. In the in-situ stress coordinate system, Xs points
to the horizontal minimum stress direction, Ys points to the horizontal maximum stress
direction, and Zs points to the overburden pressure direction. The conversion relationship
between the two coordinate systems is represented by αS, βS. First rotate around the Ze
axis by an angle of αS, then rotate around the Ys axis by an angle of βS. In general, βS = 0.
However, in areas where the geomorphology is particularly complex, the overburden
pressure may also slope at a certain angle. The in-situ stress tensor σics is converted from
the in-situ stress coordinate system to the global coordinate system, and the conversion
matrix can be expressed in Equation (1).

σics−ecs = ET × σics × E =

σe
xx τe

xy τe
xz

τe
yx σe

yy τe
yz

τe
zx τe

zy σe
zz

 (1)

where,

E =

cos βs 0 − sin βs
0 1 0

sin βs 0 cos βs

 cos αs sin αs 0
− sin αs cos αs 0

0 0 1

 =

cos αs cos βs sin αs cos βs − sin βs
− sin αs cos αs 0

cos αs sin βs sin αs sin βs cos βs


σics =

σh 0 0
0 σH 0
0 0 σV
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Figure 6. The conversion relationship between global coordinate system and in-situ stress coordi-
nate system.

Figure 7 represents the relationship between the global coordinate system and the
well bore right angle coordinate system. In the well bore right angle coordinate system,
Zb indicates the direction of the well bore axial, Yb indicates the direction of the lateral
normal, and Xb indicates the direction of the lower normal. The conversion relationship
between the two coordinate systems is represented by αb, βb. First rotate around the Ze
axis by an angle αb, then rotate around the Yb axis by an angle βb. where αb is the azimuth
between the well bore and direct north, βb is the well slope angle. Convert the in-situ stress
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tensor σics−ecs, which has been converted to the global coordinate system, to the well bore
right angle coordinate system as follows:

σecs−ics = B× σics−ecs × BT =

σb
xx τb

xy τb
xz

τb
yx σb

yy τb
yz

τb
zx τb

zy σb
zz

 (2)

where,

B =

cos βb 0 − sin βb
0 1 0

sin βb 0 cos βb

 cos αb sin αb 0
− sin αb cos αb 0

0 0 1

 =

cos αb cos βb sin αb cos βb − sin βb
− sin αb cos αb 0

cos αb sin βb sin αb sin βb cos βb


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Figure 8 represents the relationship between the global coordinate system and the
fracture plane coordinate system. In the fracture plane coordinate system, Zw indicates the
direction of upper inclination of the formation, Yw indicates the direction of the formation,
and Xw indicates the normal direction of the stratification plane. The conversion relation-
ship between the two coordinate systems is represented by αW , βW . First rotate around the
Ze axis by an angle of αW , then rotate around the Yw axis by an angle of 90− βW . Where,
αW is the angle between the projection of Xw on the horizontal plane and Xe, and βW is the
dip angle of the stratification plane. The conversion matrix between the global coordinate
system and the fracture plane coordinate system can be expressed by Equation (3).

W =

cos(90− βw) 0 − sin(90− βw)
0 1 0

sin(90− βw) 0 cos(90− βw)

 cos αw sin αw 0
− sin αw cos αw 0

0 0 1

 =

 cos αw sin βw sin αw sin βw cos βw
− sin αw cos αw 0

− cos αw cos βw sin αw cos βw sin βw

 (3)

Figure 9 represents the conversion relationship between well bore right angle coor-
dinate system and well bore column coordinate system with the following transforma-
tion matrix.

C =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1

 (4)
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After calculating and obtaining the stress state on the fracture plane, the Mohr-
Coulomb shear failure criterion is used to adjudge the failure of the fracture plane [38–40].

τ = C + σ tan φ (5)

where, τ is the shear stress; σ is the normal positive stress; C is the cohesion; φ is the internal
friction angle.

The relative magnitudes of in-situ stresses and the tectonic action are closely related.
Based on Anderson’s theory between faulting regime and the relative magnitudes of in-situ
stresses [41], for normal faulting regime, the relative magnitudes of the three principal
stresses are:

σv > σH > σh

For thrust faulting regime, the relative magnitudes of the three principal stresses are:

σH > σh > σv
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For strike-slip faulting regime, the relative magnitudes of the three principal stresses are:

σH > σv > σh

where, σv is pressure of upper layer, σH is maximum horizontal stress, σh is minimum
horizontal stress.

The YL area of Qiongdongnan basin is normal faulting regime [5,6], and the relative
magnitudes of the three principal stresses are: σv > σH > σh. Using the above method, the
risk of failure was calculated for fractures at different angles under this stress pattern, as
shown in Figure 10, the color value represents the slip risk of the fracture, the larger the
value, the greater the slip risk of the fracture. In addition, the value is greater than 1 means
the fracture is slip state, otherwise it is in stable state. As can be seen from Figure 10, the
high-angle fractures have a greater risk of failure during testing or production.
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Figure 10. The risk of failure for fractures at different angles (where, α represents the fracture
direction, β represents the fracture dip angle, the color value represents the slip risk of the fracture).

3.3. Shear Failure of Granite Matrix

Granite reservoir in YL area of Qiongdongnan basin granite reservoir is a high pro-
duction gas well, high speed flow of gases in porous media generates additional pressure,
Wang et al. [24] and Ong et al. [25] demonstrated that non-Darcy flow is one of the main
factors causing formation solid production in high-producing gas wells. Based on this,
the comparison of pore pressure gradient between non-Darcy flow and Darcy flow and
the pore pressure distribution surrounding the wellbore are calculated. As shown in
Figures 11 and 12, high speed flow of gases in porous media will generate higher pore
pressure gradient, and the pressure gradient in the near wellbore increases sharply as the
pressure at the bottom of the well decreases.

A model for calculating the stress state surrounding the wellbore during the testing
of high-production gas wells was established by considering the additional stress of high-
speed flow of gases in porous media, and combined with the Mohr-Coulomb criterion to
evaluate the shear failure of the granite matrix.
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The formation stress surrounding the wellbore during high-pressure gas reservoir
testing is influenced by the far-field stress and formation fluid pressure distribution, as
shown in Figure 13. Assuming a far-field stress of σr0 and a far-field formation fluid
pressure of P0, the dimensionless stress surrounding the wellbore is [42,43]:

σr =
r2

e (r2−1)Y+(r2
e−r2)S

r2(r2
e−1)

+ 2η

r2 [
∫ r

1 r′∆p(r′)dr′ − r2−1
r2

e−1

∫ re
1 r′∆p(r′)dr′]

σθ = r2
e (r2+1)Y−(r2

e+r2)S
r2(r2

e−1)
+ 2η∆p(r)− 2η

r2 [
∫ r

1 r′∆p(r′)dr′ + r2+1
r2

e−1

∫ re
1 r′∆p(r′)dr′]

σz = χ + 2v f r
Y−S
r2

e−1
+ 2η∆p(r)− 4η

v f r

r2
e−1

∫ re
1 r′∆p(r′)dr′

(6)

where, ∆p(r) = p(r)− 1, Y = σr0/P0(> 1), S = Pw f /P0(< 1), χ = σv/P0, η =
αB(1−2v f r)

2(1−v f r)

(0 ≤ η ≤ 0.5) is gas flow coefficient in porous media, αB (<1) is Biot coefficient, v f r
(0 < v f r ≤ 0.5) is the rock Poisso’s ratio.
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Figure 13. The schematic of stress state surrounding the wellbore during testing of high-pressure
gas reservoirs.

All the following variables are dimensionless variables, so the effective stress in the
rock surrounding the wellbore is:

σ′r = σr − αB p(r) = r2
e (r2−1)Y+(r2

e−r2)S
r2(r2

e−1)
− αB p(r)

+ 2η

r2 [
∫ r

1 r′∆p(r′)dr′ − r2−1
r2

e−1

∫ re
1 r′∆p(r′)dr′]

σ′θ = σθ − αB p(r) = r2
e (r2+1)Y−(r2

e+r2)S
r2(r2

e−1)
− αB p(r) + 2η∆p(r)

− 2η

r2 [
∫ r

1 r′∆p(r′)dr′ + r2+1
r2

e−1

∫ re
1 r′∆p(r′)dr′]

σ′z = σz − αB p(r) = χ + 2v f r
Y−S
r2

e−1
− αB p(r) + 2η∆p(r)− 4η

v f r

r2
e−1

∫ re
1 r′∆p(r′)dr′

(7)

Assuming that rock failure follows the Mohr-Coulomb criterion, the effective stress
can be expressed as:

σ′1 − σ′3 cot2(π/4− φ/2) = 2C cot(π/4− φ/2) (8)

where, σ′1 is the maximum effective principal stress, σ′3 is the minimum principal stress,
C (c/p0) is the dimensionless rock cohesion, and φ is the rock internal friction angle.

The formation is assumed to be a homogeneous, linearly elastic and porous material,
and the rock surrounding the wellbore is considered to be in a plane strain. On the basis
of Equation (7), the effective stress of the rock surrounding the wellbore under the flows
action in porous media is obtained according to the elastic mechanics theory as:

σr
′ = σr − αB p(r) = A

2 (
re

2

re2−1 −
re

2

(re2−1)r2 ) +
(re

2−r2)S
r2(r2

e−1)
+

B
2 (

re
2(re

4+re
2+4)

(r2
e−1)3 + 3re

4(re
2+1)

(r2
e−1)3r4

− 4 re
2(re

4+r2
e+1)

(r2
e−1)3r2

) cos 2θ

+ 2η

r2 [
∫ r

1 r′∆p(r′)dr′ − r2−1
r2

e−1

∫ re
1 r′∆p(r′)dr′]− αB p(r)

σθ
′ = σθ − αB p(r) = A

2 (
re

2

re2−1 + re
2

(re2−1)r2 )−
(re

2+r2)S
r2(r2

e−1)

− B
2 (

r2
e (re

4+r2
e+4)

(r2
e−1)3 + 3re

4(r2
e+1)

(r2
e−1)3r4

− 12r2
e r2

(r2
e−1)3 ) cos 2θ

+ 2η∆p(r)− 2η

r2 [
∫ r

1 r′∆p(r′)dr′ + r2+1
r2

e−1

∫ re
1 r′∆p(r′)dr′]− αB p(r)

(9)

where, A = σH+σh
p0

, B = σH−σh
p0

, σH is the maximum horizontal stress, σh is the minimum
horizontal stress, θ is the angle between the radial direction at a point surrounding the
wellbore and the maximum horizontal stress.

Cause:

H(r) =
r2

e (re
4 + r2

e + 4)

(r2
e − 1)3 +

3re
4(r2

e + 1)

(r2
e − 1)3r4

− 12r2
e r2

(r2
e − 1)3 (10)
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when 1 ≤ r ≤ re,
dH(r)

dr < 0, then,

H(r) ≥ H(re) =
re

6 − 11re
4 + 7re

2 + 3

(re2 − 1)3 (11)

when re > 3.3 (Generally re >> 1),
H(r) > 0 (12)

It can be seen that σθ
′ is minimum in the direction of maximum horizontal stress and

maximum in the direction of minimum horizontal stress. Next,

(σθ
′ − cot2(π/4− ϕ/2)σr

′)
∣∣
r=1,αB=1

= ( A
1− 1

re2
− 2η)− ( re

2+1
re2−1 + 1− 2η)D− 2η

_
p− BH(1) cos 2θ (13)

Due to 0 ≤ η ≤ 0.5, it can be seen that σθ
′ − cot2(π/4− ϕ/2)σr

′ on the wellbore is the
smallest in the direction of the maximum horizontal stress and the largest in the direction
of the minimum horizontal stress, i.e., the rock surrounding the wellbore in the direction of
the minimum horizontal principal stress is first to be failed.

The reservoir rocks in YL area of Qiongdongnan Basin were selected for strength
analysis, and it was found that the compressive strength of granite was generally higher
than 100 MPa and the elastic modulus was above 30 GPa, which shows that the strength of
granite matrix is higher and the possibility of matrix shear failure during the test period
is less.

4. Conclusions

The granite buried hill gas reservoir in YL area of Qiongdongnan basin faces a serious
problem of solid production, which seriously affects gas well production and reduces
economic benefits; however, the solid production mechanism of fractured granite reservoirs
is still unclear. In this study, the reasons for solid production were revealed and the
mechanism was clarified based on the analysis of geological and mechanical characteristics
of the granite buried hill reservoir. The research provides the basis and foundation for safe
and efficient development of fractured granite reservoirs and for later measure selection
and optimization.

(1) The granite buried hill reservoir has a high content of dark minerals, and the
fractures are developed and mostly partially or completely filled with calcite and mud, etc.
These fillings and the loose solid particles at the fracture wall have a weak cementation with
the matrix rock. In addition, the existence of fractures will reduce both the compressive
strength and tensile strength of granite.

(2) The solid production of fractured granite reservoirs can be divided into three
modes: shedding of fracture filling and solid particles on the fracture wall, shear slip failure
along the fracture, and shear failure of granite matrix.

(3) Take the YL area in the Qiongdongnan Basin as an example, the solid production
of fractured granite reservoir is mainly based on shedding of fracture filling and solid
particles on the fracture wall and shear slip failure along the fracture, the possibility of
shear failure of granite matrix is less.

(4) The closer the wellbore, the greater the risk of shedding of fracture filling and solid
particles on the fracture wall. The high-angle fractures have a greater risk of shear slip
failure. In addition, the direction of the minimum horizontal principal stress is higher risk
of solid production.
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