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Abstract: The Mahu Oilfield in Xinjiang, China, is the world’s largest conglomerate oilfield, with a
daily output of more than 8000 tons. In the fracturing of perforated horizontal wells, the breakdown
pressure is high, resulting in difficulties in their treatment. Acid pretreatment has been applied to
reduce the breakdown pressure in the field, but with poor performance. Few studies have been
conducted on how acid pretreatment affects the breakdown pressure under perforation conditions
in the Mahu conglomerate reservoir. Also, existing fracturing or acid pretreatment experiments
cannot simulate perforation well. Therefore, a new method was developed to make perforations by
hydro jetting the fracturing specimens (300 mm × 300 mm × 300 mm) first. It can achieve specified
perforation parameters, including the perforation angle, position, and length. Subsequently, true
triaxial hydraulic fracturing experiments were conducted on the conglomerate specimens obtained
from the Mahu area. The effects of the acid pretreatment on the fracture initiation and breakdown
pressure were investigated by injecting the perforation section of the conglomerate using various
acid systems. The study results showed that the perforation made by the new apparatus was
extremely close to the perforation on-site. The acid pretreatment effectively dissolved minerals
and could decrease the breakdown pressure down to 7.7 MPa. A combination of 6%HF + 10%HCl
was recommended for the acid pretreatment in the Mahu conglomerate reservoir. A total of 60
min acid–rock contact time is necessary for sufficient rock dissolution. The mechanism of the acid
pretreatment to decrease the breakdown pressure is that the rock dissolution by the acid reduces
the rock tensile strength and increases the permeability. The raised permeability increases the fluid
pressure of the reservoir near the wellbore so as to reduce the breakdown pressure of the formation.
The research results provide technical support for reducing construction difficulty and optimizing
parameters in the Mahu Oilfield.

Keywords: acid pretreatment; new perforation method; triaxial fracturing; lowering breakdown
pressure; conglomerate

1. Introduction

The Mahu conglomerate reservoir is unconventional with poor physical properties
and a low effective permeability [1]. There are some problems for the Mahu conglomerate
reservoir development, such as a high breakdown pressure and difficulty in the fracture
initiation of horizontal wells. The breakdown pressure can be reduced by changing the
stress state near the well or the rock properties [2]. Acidizing, abrasive perforating, high-
energy gas fracturing, and perforation parameter optimization are essential methods to
disrupt the formation stress for pretreatment [3]. In implementing acid pretreatment
technology, acid with an aggressive chemical dissolution effect on reservoir rocks should
be selected [4]. The commonly used acid systems consist of hydrochloric acid and mud
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acid (a mixture of hydrofluoric and hydrochloric acid). Hydrochloric acid in mud acid can
dissolve carbonates and iron–aluminum compounds, while hydrofluoric acid can dissolve
clay and silicates in the formation. It is utilized to treat reservoirs with low carbonate
content and high clay content. Generally, according to the reservoir mineral components
to optimize the acid system [5,6]. A high acid concentration will raise the corrosion risk
of pipes and loosen bonding near the wellbore [7]. It is therefore crucial to select an acid
system reasonably. This paper assesses two types of acid to pretreat rock samples. The
acid pretreatment effectiveness was clarified by analyzing the pressure curves and mineral
composition variation before and after acidizing.

The triaxial experiment is frequently conducted to study the fracture propagation law.
However, most triaxial experiments are carried out under open hole conditions but rarely
under perforation conditions. Chen et al. [8] conducted triaxial simulation experiments on
outcrop and artificial rock samples with open hole completions. They discussed the effects
of in situ stress, natural fractures, and other factors on hydraulic fracture propagation.
Yao et al. [9] utilized a large-scale true triaxial fracturing experimental system to study
the hydraulic fracture propagation in naturally fractured formations. Concrete specimens
were used in the experiments under open hole conditions. Hou et al. [10] carried out a
triaxial hydraulic fracturing experiment using limestone rock samples under open hole
conditions. They investigated the influence of the in situ stress difference, variable injection
rate, and acid treatment on the fracture propagation law in horizontal well fracturing. Due
to the influencing factors of the rock’s mechanical properties, Tan et al. [2] selected shale
rock samples to implement large-scale triaxial experiments. Hydrochloric acid was used to
pretreat the open hole interval of the samples. The effect of the shale–acid reaction on the
hydraulic fracture initiation and propagation was investigated. Wang et al. [11] performed
triaxial acid fracturing experiments on fractured and fracture-cavity type carbonate rocks
under open hole conditions. So far, few approaches have simulated perforation well in
experiments. Popular methods for perforation simulations are prefabricated holes and
slotting. The prefabricated holes or slots on the well pipes could be plugged during
cementing. The slot cut after cementing is very different to perforation. To simulate
perforation, Shan et al. [12], Feng et al. [13], and Zhang et al. [14] drilled holes in the steel
wellbore and plugged it with paper during cementing. The paper can be dissolved, so the
holes are retained. Wu et al. [15] and Yu et al. [16] drilled holes with a specific diameter on
the steel wellbore, inserted a certain length of a straight cylinder into the hole, and mixed
cement and quartz sand to form a concrete sample. The effects of the perforation phase
angle, perforation density, and perforation cluster spacing on the fracture morphology
were investigated. Hou et al. [17], Liu et al. [18], Liang et al. [19], and Zhang et al. [20]
cut slots inside the fracturing specimens to simulate perforation in triaxial fracturing
experiments. Fu et al. [21] established a perforation method using a perforation gun in
large rock samples (762 mm × 762 mm × 914 mm) and revealed the fracture initiation law
under perforating conditions. However, the perforating gun still cannot be applied to rock
samples in laboratory triaxial experiments (300 mm × 300 mm × 300 mm).

In this study, we conducted a systematic experimental study on how acid pretreatment
lowers the breakdown pressure in perforated horizontal wells in the Mahu conglomerate
reservoir. The rock samples were cut from the outcrop of the formation. A new method
was first established to generate perforation in the rock samples by hydraulic jetting.
Subsequently, acid pretreatment was performed on the perforations. Afterward, the triaxial
fracturing experiments were carried out on the rock samples. By analyzing the experimental
results, the effectiveness of the acid pretreatment in lowering the breakdown pressure in
the Mahu sag was validated. In addition, the acid system, as well as treatment parameters,
were optimized.

2. New Perforation Method in Rock Samples

Generally, laboratory hydraulic fracturing experiments are conducted with open hole
completion [22–24]. Perforation is hard to implement in experimental sample dimensions
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(300 mm × 300 mm × 300 mm). Although slots or pre-drilled holes can be made on the
steel tube, they may be plugged during cementing, so there is no perforation outside the
tube. To overcome the shortcomings of conventional triaxial fracturing experiments, we
developed a new method for perforation with hydraulic jetting.

2.1. Perforation Simulation Apparatus

Figure 1 shows the physical drawing and schematic diagram of the hydraulic jetting
perforation apparatus. This perforation system comprises a pressurized tank, water jet
assembly, nozzle, protective cover, high-pressure pipeline, and low-pressure water supply
pipeline. The operating pressure of the apparatus is 25 MPa with a maximum injection rate
of high-pressure water of 15 L/min. An inlet and an outlet pressure gauge are installed
to monitor the pressure status. Since the internal diameter of the steel casing used in
fracturing experiments is generally between 22 mm and 28 mm, and the outer diameter
of the hydraulic jetting gun is 23 mm, it applies to all fracturing samples with a inner
casing diameter greater than 25 mm. The fracturing sample can be perforated using a 80-
mesh garnet sand abrasive mixed in high-pressure water. Variable perforation parameters,
including perforation angle, length, and depth can be achieved. A specific perforation
angle can be achieved by rotating the hydraulic nozzle and different perforation lengths
are obtained by controlling the jetting time.
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Figure 1. Hydraulic jetting perforation apparatus. (a) Hydraulic jetting perforation apparatus;
(b) schematic diagram of hydraulic jetting perforation apparatus.

2.2. Reservoir Information

The Mahu conglomerate reservoir depth ranges from 2500 to 3900 m. The Triassic
Baikouquan formation (T1b) and Permian Urho formation (P3w) are the primary development
horizons [25–28]. The distribution of the Baikouquan formation (T1b) is generally stable. The
average thickness of the Baikouquan formation is 138 m, and the average thickness of T1b1,
T1b2, and T1b3 are 46.0 m, 47.0 m, and 45.0 m, respectively. The rock mineral composition of
the T1b2 section of the Baikouquan formation is mainly composed of quartz (35.5%), followed
by feldspar (27.5%) and clay (23.2%), and a small amount of calcite (10.3%). The average
porosity is 9.78%, and the average permeability is 2.4 × 10−3 µm2. This paper conducts
research based on the Ma 18 well area data.

2.3. Specimen Preparation

Five outcrops (Figure 2a) were excavated in Block Ma18. The brief specimen prepa-
ration procedures are as follows: Firstly, the outcrops were cut into cubic specimens of
300 mm × 300 mm × 300 mm (Figure 2b). Secondly, a borehole with a 34 mm diameter and
a 250 mm depth was drilled in the center of each specimen. Thirdly, a steel pipe (Figure 3a)
with an outer diameter of 30 mm, an internal diameter of 25 mm, and a length of 250 mm
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was placed inside the borehole, and the annulus between the borehole and the steel pipe
was bonded by high-strength epoxy resin to simulate the cementing process, as shown in
Figure 3b.
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Figure 3. Wellbore and cementing. (a) Simulated wellbore made of steel; (b) rock samples after
cementing.

2.4. Perforating Process

After 24 h cementation, the perforating operation is performed; the brief perforation
processes are as follows: (1) determine the in situ stress direction and mark the perforation
orientation according to the experimental schedule (Figure 4a); (2) locate and orient the
nozzle with specified parameters in the borehole using the fixation parts and the protective
cover (Figure 4b); (3) perform hydraulic jetting for a specified time (Figure 4c). It is worth
noting that the relationship between hydraulic jetting time and perforation length varies
for different wellbore materials and rocks, which should be obtained in advance through
tests. Table 1 shows the relationship between perforation length and hydraulic jetting time
for the specimen in this study.
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Figure 4. Perforating procedure. (a) Mark the perforation orientation on the surface; (b) fix the
protective cover with specific parameters; (c) work in process.

Table 1. The relationship between jetting time and perforation length for the Mahu conglomerate rock.

Number Perforation Length Jetting Time

1 1.8 cm 4 min
2 2 cm 7 min
3 2.5 cm 7 min 30 s
4 3 cm 10 min
5 4 cm 18 min 14 s
6 5 cm 20 min

Figure 5 displays the perforation hole morphology comparison of on-site and labora-
tory settings. Clearly, the holes made from hydraulic jetting can simulate the perforation
in the reservoir well in terms of perforation length and phase angle. The new laboratory
perforating method restored the in situ perforation sufficiently. To further illustrate the im-
provement of the new perforation method, we compared slotting and hydraulic jetting for
the perforation simulation in the experiments in terms of the mechanics (taking horizontal
well as an example).
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Figure 5. Perforation hole morphology. (a) The perforation hole took place underground in the field,
showing an irregular circular hole; (b) the perforation hole made by the new water jetting apparatus,
showing a similar morphology with the hole on site.

Figure 6 illustrates the difference between the two approaches in terms of the force
condition. Figure 6a reveals the perforation made by the slotting. σh1 represents the
minimum horizontal principal stress, σh2 represents the maximum horizontal principal
stress, σz represents the vertical stress, and St represents the tensile strength. The circular
fractures formed by slotting are highly affected by vertical stress, and the mechanical
failure mode is tensile failure. Figure 6b displays the perforation holes made by the new
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perforating apparatus. The perforation wall is subjected to circumferential stress (also
known as the ‘hoop stress’) along the perforation tunnel [29], and this mode of stress aligns
with that of the field, which is closer to the actual perforation state.
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Figure 6. Comparison of two kinds of perforations. (a) The perforations by slotting; (b) the perforation
by hydraulic jetting.

In this study, the perforation diameter was 5 to 6 mm. The perforation length was 4
to 5 cm. The perforation phase angle is defined as the acute angle between the axis of the
perforation and the horizontal principal stress direction, comprising 0◦, 30◦, 45◦, and 60◦.
The perforation depth is 12 cm from the wellhead, as shown in Figure 7.
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3. Acid Pretreatment for Fracturing

Before fracturing, the specimens were pretreated by different acid types (Figure 8).
A 3% corrosion inhibitor was added to the acid solution to protect the steel pipe. The
15 min, 30 min, 60 min, 90 min, and 120 min injection times were tested to study the
influence of acidizing time. The other four specimens without acidizing were used as the
control groups.
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4. Triaxial Hydraulic Fracturing Experiment
4.1. Mineral Composition and Rock Mechanical Properties of Rock Samples

We conducted a series of property experiments on the Mahu conglomerate outcrops.
The results of the X-ray diffraction tests indicated that the mineral composition is mainly
quartz (35.29%), followed by feldspar (25.12%) and clay (21.22%). The carbonate content
is relatively low (9.52%). Mud acid can effectively dissolve feldspar and clay, which is
recommended for acid pretreatment in the Mahu area. Additionally, the average perme-
ability is 2.2 × 10−3 µm2, the average porosity is 10.85%, the average Young’s modulus is
25.19 GPa, the average Poisson’s ratio is 0.27, and the tensile strength of the rock is 5.54 MPa.
The mineral composition and physical property parameters of the outcrops are generally
consistent with the geological data of the T1b2 section of the Baikouquan formation, which
validates that the outcrop obtained in the field has similar properties to the formation and
the experimental results are reliable.

4.2. Triaxial Fracturing Experimental Procedures
4.2.1. Experimental Apparatus

A large true triaxial hydraulic fracturing system can perform the fracturing experiment
on a 300 mm cubic rock sample, as shown in Figure 9. The triaxial pressure loading system
can achieve three principal stresses on the cube rock samples. Considering the in situ stress
(σhmin = 63 MPa σHmax = 75 MPa, and σv = 102 MPa) and the performance of the equipment,
σhmin was set as 5 MPa, σHmax, 17 MPa, and σv, 25 MPa in this study. The fracturing fluid
viscosity, µ (15 mPa·s), is taken from the field data. The injection rate was set based on the
geometrical similarity principle shown in Equation (1) [30–34].

QF
AF × HF

=
QM

AM × HM
, (1)

where Q is the displacement, m3/min; A is the cross-sectional area of the wellbore, m2; H
is the fracture length, m; the subscript M denotes the modeling parameters; the subscript
F denotes the field parameters. Equation (1) illustrates that the dimension ratio should
be equaled for the laboratory and the field. According to data in the field, the injection
rate Q is approximately 12–14 m3/min, and the injection rate in the experiment was set at
130 mL/min. The detailed experimental scheme is in Table 2.
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Table 2. Breakdown pressure results under different experimental conditions.

Number Perforation
Angle Acid System Acidizing Time

(min)

Breakdown
Pressure

(MPa)

1 60◦ - - 15.65
2 45◦ - - 15.4
3 30◦ - - 13.42
4 0◦ - - 13.77
5 0◦ 10%HCl 30 9.8
6 0◦ 3%HF + 10%HCl 30 9.23
7 0◦ 6%HF + 10%HCl 30 5.45
8 0◦ 8%HF + 10%HCl 30 4.55
9 0◦ 12%HCl 30 9.1
10 0◦ 3%HF + 12%HCl 30 8.2
11 0◦ 6%HF + 12%HCl 30 6
12 0◦ 8%HF + 12%HCl 30 5.08
13 0◦ 15%HCl 30 9.67
14 0◦ 3%HF + 15%HCl 30 9.51
15 0◦ 6%HF + 15%HCl 30 6.05
16 0◦ 8%HF + 15%HCl 30 4.97
17 0◦ 6%HF + 10%HCl 15 12.85
18 0◦ 6%HF + 10%HCl 60 3.16
19 0◦ 6%HF + 10%HCl 90 3.3
20 0◦ 6%HF + 10%HCl 120 3

4.2.2. Experimental Procedure

The procedure of the triaxial fracturing experiment is summarized as follows: (1) Load
the cube rock sample into the chamber and connect the pipelines. (2) Apply three principal
stresses from the x, y, and z axes through a hydraulic pressure system. (3) Start the injection
pump at a constant rate and record the injection pressure until the specified time. (4) Open
the fracturing specimen to inspect the fracture pattern and analyze the results.

4.3. Experimental Results and Analysis

Twenty sets of experiments were conducted. The results are displayed in Table 2. The
average breakdown pressure for the specimens without acidizing (1#~4#) was 14.56 MPa,
while the average breakdown pressure of the acidified specimens (5#~20#) was 6.87 MPa,
with a decline of 7.7 MPa. The acid pretreatment strongly influenced the breakdown
pressure with a positive effect. All the fracturing specimens were opened along with the
hydraulic fractures to observe the fracture initiation morphology.
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4.3.1. Effect of Acidizing

It is essential to select an optimal ratio of HF to HCl and concentrations for a particular
formation, which directly determines the effectiveness of the acid pretreatment. Two kinds
of acid solutions, hydrochloric acid and mud acid, were tested in the experiment. Both acids
can lower the breakdown pressure. However, the breakdown pressure of the three groups
of specimens treated with hydrochloric acid is still relatively high (average 9.52 MPa), and
the treatment results are unsatisfactory. Specimens 5# and 9# developed natural fractures
near the wellbore, showing lower breakdown pressure values compared to specimen 13#

(Figure 10). The breakdown pressures of specimens 5# and 9# should be higher than the
current values (9.8 MPa and 9.1 MPa), without natural fractures developing.

Processes 2023, 11, x FOR PEER REVIEW 10 of 18 
 

 

4.3.1. Effect of Acidizing 

It is essential to select an optimal ratio of HF to HCl and concentrations for a partic-

ular formation, which directly determines the effectiveness of the acid pretreatment. Two 

kinds of acid solutions, hydrochloric acid and mud acid, were tested in the experiment. 

Both acids can lower the breakdown pressure. However, the breakdown pressure of the 

three groups of specimens treated with hydrochloric acid is still relatively high (average 

9.52 MPa), and the treatment results are unsatisfactory. Specimens 5# and 9# developed 

natural fractures near the wellbore, showing lower breakdown pressure values compared 

to specimen 13# (Figure 10). The breakdown pressures of specimens 5# and 9# should be 

higher than the current values (9.8 MPa and 9.1 MPa), without natural fractures develop-

ing. 

  
(a) (b) 

 
(c) 

Figure 10. Fracture geometry of specimens. (a) Multiple natural fractures (the yellow dotted line) 

developed near the wellbore observed in specimen 5#; (b) several natural fractures (the yellow dot-

ted line) developed near the wellbore, and one uncracked fracture after experiment was observed 

in specimen 9#; (c) no natural fractures developed near the wellbore in specimen 13#, several natural 

fractures observed on the surface away from wellbore only affect the hydraulic fractures propaga-

tion, not initiation. 

Mud acid is more effective in the Mahu depression. The reason for this is that the 

carbonate content in this area is low, but the feldspar content is relatively high. HCl dis-

solves the carbonates only, and mud acid dissolves both carbonate and silica-aluminates. 

Therefore, more minerals were dissolved by the mud acid. Multiple comparative experi-

ments were conducted with different concentrations of acid solution to further optimize 

Figure 10. Fracture geometry of specimens. (a) Multiple natural fractures (the yellow dotted line)
developed near the wellbore observed in specimen 5#; (b) several natural fractures (the yellow dotted
line) developed near the wellbore, and one uncracked fracture after experiment was observed in
specimen 9#; (c) no natural fractures developed near the wellbore in specimen 13#, several natural
fractures observed on the surface away from wellbore only affect the hydraulic fractures propagation,
not initiation.

Mud acid is more effective in the Mahu depression. The reason for this is that the car-
bonate content in this area is low, but the feldspar content is relatively high. HCl dissolves
the carbonates only, and mud acid dissolves both carbonate and silica-aluminates. There-
fore, more minerals were dissolved by the mud acid. Multiple comparative experiments
were conducted with different concentrations of acid solution to further optimize the acid
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system suitable for this area. The acidizing effectiveness remained stable with a weak regu-
larity when the concentration of the hydrochloric acid changed, since the carbonate content
is low and natural outcrops have a strong heterogeneity and different physical properties.
Nevertheless, hydrochloric acid is essential, and is combined with hydrofluoric acid to form
mud acid, which maintains a low pH value. Moreover, hydrochloric acid can promote the
dissolution of hydrofluoric acid. Therefore, considering the economic cost of development,
a lower concentration of hydrochloric acid is recommended. When the concentration of
hydrochloric acid is fixed, the concentration of hydrofluoric acid increases from 0% to 8%,
and the breakdown pressure declines rapidly (Figure 11). When the concentration of the
hydrofluoric acid varies from 6% to 8%, the breakdown pressure rarely changed.
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Xue et al. [35] conducted experiments on the dissolution rates of HCl, HF, and mixed
solutions of HCl and HF at different acid concentrations and treatment times. The results
showed that the dissolution rate was highest at the HF concentration of 9%. High concen-
trations of HF could lead to a decline in the dissolution rate, since the reaction between HF
and clay and feldspar also involves second-order and third-order reactions. Furthermore,
they usually produce precipitation (mainly silica gel precipitation). Due to the variation
between the HF concentration of 6% and 8% in this experimental result (Figure 11), a
combination of 10%HCl + 6%HF mud acid is preferred.

The acid–rock contact time is a crucial factor in the acid pretreatment design as well.
Based on the mineral composition of the Mahu sag and the above experimental results,
6%HF + 10%HCl mud acid was selected to investigate the acid treatment effect. Under
the same experimental conditions, the breakdown pressure decreases with the rise in
the acidizing time, especially for a shorter contact time (for instance, less than 30 min).
Increasing the contact time from 15 min to 30 min diminished the breakdown pressure by
64.6%. Above 60 min, the dissolution rate decreased, and the breakdown pressure almost
no longer continued to decline and maintained a steady value. The reason for this is that
the amount of soluble minerals is certain. After a particular time, soluble minerals are
completely dissolved, leaving insoluble minerals. At this time, even if the acid pretreatment
time continues to increase, there will be no more obvious dissolution, resulting in no further
decrease in the breakdown pressure. It is worth noting that the breakdown pressure of
specimen 19# is slightly higher than that of specimen 18#. There are no natural fractures
developed near the wellbore of both samples. However, the gravel distribution of specimen
19# is more complex, and more different sizes of gravel were found near the wellbore. The
strong heterogeneity of the conglomerate gives rise to some randomness in the experimental
results. Still, after 60 min of acidizing, the overall performance was outstanding, and the
breakdown pressure remained almost constant. This relationship curve is illustrated in
Figure 12. Compared with the case without acidizing, the breakdown pressure of the
specimen with 30 min effective contact time was lowered by about 10 MPa. Furthermore,
the breakdown pressure witnessed a stable trend after 60 min. Therefore, an adequate
acid–rock contact time of 60 min is recommended.
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To further explore the mechanism of the acid pretreatment lowering the breakdown
pressure, XRD mineral composition tests were conducted on rock debris scraped near the
perforations (within a radial 1 cm range) of fracturing specimens 4#, 5#, 8#, 17#, 18#, 19#,
and 20#, respectively. The test results are shown in Table 3. After the hydrochloric acid
treatment, the content of carbonate rock decreases. In contrast, the content of feldspar
remains stable (specimen 5#), as carbonate can be quickly dissolved by hydrochloric acid,
but feldspar cannot. The reaction between HCl and carbonates is

CaCO3 + 2HCl → CaCl2 + CO2 + H2O, (2)

Ca Mg(CO3)2 + 4HCl → CaCl2 + MgCl2 + 2CO2 + 2H2O (3)

Table 3. Mineral composition tests results for different acidizing times.

Number Acid System Acidizing Time (min) Quartz (%) Clay (%) Feldspar
(%) Calcite (%) Other (%)

4 - - 35.29 21.22 25.12 9.52 8.85
5 10%HCl 30 34.55 18.91 26.89 8.05 11.6

17 6%HF + 10%HCl 15 32.5 18.13 25.75 9.18 14.44
8 6%HF + 10%HCl 30 37.5 16.33 22.09 8.17 17.91

18 6%HF + 10%HCl 60 37.8 15.19 21.86 7.85 17.3
19 6%HF + 10%HCl 90 38.48 14.67 21.36 7.67 17.82
20 6%HF + 10%HCl 120 38.26 14.55 21.15 7.55 18.49

Therefore, the acidizing performance could be better if only hydrochloric acid was
applied. In specimens 17#, 8#, 18#, 19#, and 20#, the feldspar and clay react with the HF
due to the fluoride ion (F-), showing a great performance. Clay minerals mainly include
kaolinite, montmorillonite, illite, and chlorite [36]. The reaction between kaolinite and H+ i:

AlSi4O10(OH)8 + 24HF + 4H+ = 4AlF2
+ + 4SiF4 + 18H2O, (4)

The reaction between montmorillonite and H+ is

AlSi8O20(OH)4 + 40HF + 4H+ = 4AlF2
+ + 8SiF4 + 24H2O, (5)

Feldspar is unstable, with many types, including potassium feldspar, albite, and
anorthite. The reaction between potassium feldspar and hydrofluoric acid is

KAlSi3O8 + 22HF = KF + AlF3 ↓ +3H2SiF6 + 8H2O, (6)
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The reaction between albite and hydrofluoric acid is

NaAlSi3O8 + 22HF = NaF + AlF3 ↓ +3H2SiF6 + 8H2O, (7)

The reaction between anorthite and hydrofluoric acid is

CaAl2Si2O8 + 22HF = CaF2 ↓ +2AlF3 ↓ +2H2SiF6 + 8H2O, (8)

The acid treatment time was increased from 15 to 120 min, and the proportion of the
carbonate, feldspar, and clay minerals decreased significantly. Wherever the acid solution
reached, the soluble minerals would be rapidly dissolved, and there were still areas where
the acid was not covered in the experiment, so the proportion of these minerals stayed
relatively high. The action distance of the acid is limited. Accordingly, it is crucial to
accurately select a targeted acid composition in the acid pretreatment design.

In addition to the in situ stress, the tensile strength affects significantly the breakdown
pressure. Therefore, lowering the rock tensile strength is vital to reducing the breakdown
pressure. We also cut ten cores with a diameter of 25.4 mm and a thickness of 13 mm using
the outcrops, and compared the tensile strength variation before and after acidizing to
clarify the mechanism of the acid pretreatment lowering the breakdown pressure. Table 4
provides the tensile strength test results. Group number (a) represents the samples without
acidizing, group number (b) represents the samples after acidizing. The average tensile
strength of the unacidified and acidized cores are 5.54 MPa and 3.8 Mpa, with a decline ratio
of 31.4%. In essence, the acid pretreatment can destroy the strength of the rock and cement
to decrease the rock tensile strength, while creating more seepage channels, increasing the
porosity and permeability, thereby effectively lowering the breakdown pressure.

Table 4. Experimental parameters and results.

Number
Tensile Strength

(Before)
(MPa)

Number Acid System Contact Time
(min)

Tensile Strength
(After)
(MPa)

(1)a 4.72 (1)b 6%HF + 10%HCl 10 4.53
(2)a 4.33 (2)b 6%HF + 10%HCl 20 3.59
(3)a 6.83 (3)b 6%HF + 10%HCl 30 4.64
(4)a 5.39 (4)b 6%HF + 10%HCl 60 3.13
(5)a 6.42 (5)b 6%HF + 10%HCl 120 3.08

4.3.2. Effect of Perforation Angle

To avoid interference with other parameters, we kept the other parameters the same
when analyzing the effect of the perforation orientation angle. A perforation orientation
angle of 0◦, 30◦, 45◦, and 60◦ were used to investigate the impacts of the perforation
angle on the fracture initiation and breakdown pressure. Figure 13 displays the pressure
curves of fracturing specimens 1# to 4#. There is an apparent peak on each pressure
curve, which indicates the breaking of the fracturing specimen and gives the breakdown
pressure. The breakdown pressure declined by 14.2% when the perforation rotated from
60 degrees to 0 degrees. The overall trend of the breakdown pressure is consistent with
the results of numerical simulation studies [37–40]. The ideal perforation orientation angle
is zero, corresponding to the minimum breakdown pressure [41]. Therefore, the larger
the perforation angle, i.e., the greater the angle between the perforation axis and the
maximum horizontal principal stress, the more energy needs to be consumed to counteract
the increasing stress and the more difficult it is to crack. To remove the noise of multiple
perforations, the perforation just shoots from one angle, different to the field, in which the
perforation shoots from several directions around the wellbore. To decrease the breakdown
pressure, ensure that there are perforations with an angle of 0◦ in the field treatments.
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Additionally, the content, distribution, particle size, and hardness of gravel in conglom-
erate reservoirs can strongly influence fracture initiation. The experimental results showed
that the breakdown pressure declined with the decrease in the perforation orientation angle,
except in specimens 3# and 4#. The perforation angle varied from 30 degrees to 0 degrees,
and the breakdown pressure increased by 0.25 MPa. Figure 14a illustrates the fracture
geometry in specimen 4#. The fracture initiates at the perforation base and wall. There
is a large piece of gravel closing on the perforation wall, causing an obstruction, and the
difficulty of fracture initiation rises. According to the tracer distribution, the fractures are
obstructed by gravel and reorient during the initiation process, resulting in a breakdown
pressure increase. Comparatively, there is no gravel block around the perforation in speci-
men 3#. The tracer can be observed around the perforation, indicating that the fractures
initiate and propagate at the perforation base in each direction (Figure 14b). Therefore, the
breakdown pressure of specimen 4# is supposed to be lower than that of specimen 3# if
there were no gravel blocks. Consequently, for heterogeneous conglomerates, when the
gravel distribution near the wellbore is similar, the breakdown pressure can be changed by
turning the perforation angle without considering the natural fracture. In a conglomerate
characterized by strong heterogeneity, when the gravel distribution near the well is quite
different, the perforation angle has little effect on the breakdown pressure. Affected by the
larger gravel strength, the fracture initiation process may be blocked to generate different
paths. In this special case, the gravel distribution is the dominant factor affecting the
breakdown pressure.
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5. Field Application of Acid Pretreatment

The lithology of the Baikouquan formation is mainly gray conglomerate, gravelly
coarse sandstone, sandy conglomerate, and medium coarse conglomerate [42,43]. Based
on the geological data, the medium conglomerate is dominant, with a volume fraction of
61.36%, followed by small conglomerate and fine conglomerate, with a volume fraction
of 10.07% and 7.29%, respectively. Sandstone is less, with a volume fraction of 8.22% [44].
The minimum horizontal principal stress of the reservoir is 63 MPa, Young’s modulus is
26,038 MPa, Poisson’s ratio is 0.28, and the tensile strength is 5.1 MPa. The acid pretreatment
was applied for over 50 horizontal wells in the Ma 18 block.

Figure 15 displays the operation curves of the unacidified and acidized horizontal
well. The red line represents the injection pressure, and the green line represents the pump
rate. Figure 15a indicates the curve of the horizontal well M1 without the acid pretreatment.
The pressure curve has an apparent peak, giving a breakdown pressure of 73.19 MPa.
Figure 15b is for well M2 with acid pretreatment. After acidizing, the pressure curve has
a tiny peak, significantly decreasing the fracturing difficulty. The breakdown pressure is
65.5 MPa, a proportion of 10.5% lower than the unacidified well M1.
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Figure 15. Pressure curves of horizontal well treatments. (a) Injection pressure curve indicates a peak
point with a high breakdown pressure value; (b) there is no obvious crack showing on the injection
curve with a low breakdown pressure value.

6. Conclusions

This paper developed a new perforation method and conducted a systematic study
on how acid pretreatment lowers the breakdown pressure in the Mahu conglomerate
reservoirs. By analyzing the experimental results, the following conclusions were reached:

1. The novel perforation method by water jetting in fracturing specimens can better
simulate perforation conditions such as the perforation length and angle for the acid
pretreatment and triaxial fracturing experiments.

2. The perforation angle has a significant effect on the breakdown pressure. A 0◦

perforation angle results in the minimum breakdown pressure. It is necessary to
ensure there are perforation holes with a 0◦ perforation angle relative to the maximum
horizontal stress for a low breakdown pressure.

3. Acid pretreatment can effectively decrease the breakdown pressure down to 7.7 MPa
under experimental conditions. The mechanism of the acid pretreatment to decrease
the breakdown pressure is that rock dissolution by the acid reduces the rock tensile
strength and increases its permeability. The raised permeability increases the fluid
pressure of the reservoir near the wellbore so as to reduce the breakdown pressure of
the formation.
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4. For the Mahu conglomerate reservoir with a low carbonate content, an acid system
of 6%HF + 10%HCl with 60 min plus acid contact time is recommended for the acid
pretreatment.

5. The field application of the acid pretreatment to horizontal well fracturing in the
Mahu conglomerate reservoirs showed that the acid pretreatment was successful and
the breakdown pressure was lowered by 10.5%.
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